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ABSTRACT 
 
 
In warm and humid climates, a primary source of building energy consumption is 
dehumidification of conditioned air supplied to the building spaces.  The proposed 
system utilizes a selective membrane to remove water vapor from ambient air as 
opposed to a vapor compression cycle or a desiccant.  This work provides an analysis of 
the membrane dehumidification system with a focus on the energy performance of the 
system.  A system performance goal was set at the beginning for a given inlet and outlet 
ambient air condition and a total cooling load of one ton.  The target COP of the 
combined sensible and latent cooling is 3.58 with a target value for only the latent 
system of 3.34. 
Two different simulations were developed including an initial simulation which 
uses a basic mass transfer model and a simpler condenser model.  The initial model was 
used to develop the system, analyze operating parameters and provide initial 
performance results.  The initial simulations indicate that the system requires two 
optimizations to meet the target performance: condenser pressure optimization and the 
use of multiple membrane segments operating at different pressures.  The latent only 
COP including the optimizations was a maximum of 4.23.  A second model was then 
developed which uses a more detailed mass transfer model and a more detailed 
condenser model based on the operating conditions.  This simulation yielded a maximum 
latent only COP of 4.37 including the optimizations. 
The work also analyzes two different combined systems capable of providing 
both sensible and latent cooling.  The first utilizes a conventional vapor compression 
cycle for sensible cooling and has a maximum COP of 3.93.  The second uses multiple 
evaporative coolers in between multiple membrane dehumidification steps and was 
found to have a maximum COP of 3.73. 
Second law analysis of the systems was also conducted and found that the 
greatest reduction in latent system exergy loss can be obtained by improving the 
 iii 
 
selectivity of the membrane.  Apart from improving the membrane selectivity, the results 
show the greatest improvement can be found in improving the operation of the gas 
compression devices. 
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CHAPTER I 
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Introduction 
In warm and humid climates, a primary source of building energy consumption is 
dehumidification of conditioned air supplied to the building spaces.  Dehumidification is 
traditionally accomplished by reducing the temperature of the air below the dew point 
temperature until the desired absolute humidity setpoint is achieved.  Commonly, this 
setpoint is set near the 55°F and 90% relative humidity condition.  This approach 
requires significant sensible as well as latent cooling to remove moisture from the air as 
shown in the psychrometric chart in Figure 1.1 below. Furthermore, the temperature of 
the air after dehumidification is often well below the temperature of air that is required 
in the occupied spaces due to the loads, interior and exterior where applicable, in the 
spaces.  The difference between the supplied air temperature and the necessary supply 
air temperature can be handled by reducing the volume supplied in variable volume 
systems; however, once the minimum flow is reached inefficient reheating of the air 
stream is required.  Other methods of dehumidification include solid desiccants, liquid 
desiccants, and simple gas compression.  Desiccant systems have been developed, tested, 
and implemented for dehumidification in building applications with varying degrees of 
success.  Gas compression is not commonly used in building applications but is common 
in other industries. 
The proposed system utilizes a selective membrane to separate water vapor in an 
air stream from the other components of the air stream, primarily nitrogen (N2) and 
oxygen (O2).  With this type of system, water vapor is continuously removed from an air 
stream on one side of the membrane and then discharged to atmosphere on the other 
side.  The gas separation is accomplished via a pressure gradient across the membrane 
and is a constant temperature process that does not require a heat source for 
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regeneration. Therefore, by using a selective membrane to dehumidify the air, the 
sensible and latent cooling of the air stream can be decoupled (as shown in Figure 1.2 
below) so that the cooling of the air is not driven by the need for dehumidification. 
 
Figure 1.1:  Psychrometric chart showing conventional dehumidification process path 
 
 
Figure 1.2: Psychrometric chart showing proposed dehumidification process path 
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The components of the proposed system are shown below in Figure 1.3.  The 
dehumidification unit is made up of the membrane arranged in numerous sections which 
create openings through which the humid air passes.  The membrane sections are 
arranged so that a channel, or square tube like segment is produced where the humid air 
passes on the outside of the channel and the permeated gas is on the inside of the 
channel.  This permeated gas is then passed to a “compressor” which raises the pressure 
of the air and water vapor.  The air and water vapor then enters a condenser where a 
portion of the water vapor is condensed and the air simply passes through in gaseous 
form.  The liquid water is captured in a liquid reservoir and then discharged to the 
atmosphere via a liquid pump.  The non-condensable gases (some water vapor and air) 
are rejected to the atmosphere via a vacuum pump.  The proposed research will 
determine the optimum operating parameters of the system such as the pressure on the 
permeate side of the membrane, the pressure in the condenser, the optimum cooling 
method for the condenser and the selectivity of the membrane itself. 
DEHUMIDIFICATION 
UNIT
COMPRESSOR
WATER
VAPOR
VACUUM
PUMP
LIQUID
RESERVOIR
LIQUID
PUMP
NON-CONDENSABLE 
GAS
LIQUID
CONDENSER
HUMID 
FEED 
AIR
DRY 
FEED 
AIR
 
Figure 1.3: Basic diagram of proposed membrane dehumidification system 
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1.2 Literature Review 
The following literature review is organized into six separate areas of interest 
based on the various aspects of the proposed research.  The first area of interest is the 
science of membrane separation processes and related applications.  The second area 
addresses gas permeation processes for gas separation and existing applications of gas 
permeation processes across many industries.  The third area addresses the condensation 
of vapors in the presence on a non-condensable gas.  The fourth area explores the 
existing technologies used for dehumidification of air in building system applications.  
The fifth area explores existing systems which combine separate dehumidification and 
sensible cooling processes into a combined system which seeks to replace the 
conventional coupled dehumidification and sensible cooling systems.  The sixth area 
addresses previous research into the second law analysis of building systems. 
 
1.2.1  General Membrane Separation Processes and Applications 
For industrial applications, there are four general membrane separation processes 
that are currently widely used by various industries: microfiltration, ultrafiltration, 
reverse osmosis, and electrodialysis [1].  In addition to these well established and 
common processes, two additional processes are increasingly being applied by industry: 
pervaporation and gas separation with polymer membranes.  Each of these processes is 
described below. 
Microfiltration, ultrafiltration, and reverse osmosis are pressure driven membrane 
separation processes that are commonly used for water separation or filtration [1].  
Microfiltration and ultrafiltration both rely on molecular sieving through various pore 
sizes (as small as 0.1 μm) as the method of separation.  Microfiltration is used to remove 
dispersed particles and bacteria from a solute while ultrafiltration is used to remove 
dissolved macromolecules such as proteins from a solute.  Both processes are commonly 
used in the biotechonolgy field for a variety of applications [2]. The method of 
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separation in reverse osmosis is quite different.  For reverse osmosis, the size of the 
pores range from 3 to 5 Å in diameter and the method of separation relies on the 
solution-diffusion model.  In this model, the substance permeating the membrane is 
dissolved by the membrane material and then diffuses through the membrane due to a 
concentration gradient.  The membrane is selective in terms of the solutes it allows to 
permeate because it has different sollubilities and mobilities for different substances.  
Reverse osmosis is used for desalination processes [3] and in the food industry [4].  
Electrodialysis separation relies on an electrical potential difference to separate ions 
from solutions.  The membranes are arranged to form an electrodialysis stack with many 
different cells, or channels, consisting of a pair of anion and cation exchange 
membranes.  Electrodialysis is also commonly used in desalination processes and in the 
food industry [5]. 
Pervaporation is similar to both reverse osmosis and gas separation (discussed in 
the next section).  Pervaporation involves a liquid feed on one side of the membrane and 
a gaseous permeate on the other side of the membrane [6].  It is a partial pressure 
gradient driven process where the permeate vapor pressure is maintained at a low level 
by condensing the permeate vapor to liquid form.  The separation rate is proportional to 
the rate of permeation of the liquid mixture components across the membrane.  The main 
application of pervaporation to date is dehydration of organic solvents (i.e. the removal 
of water from organic liquids such as ethanol) [7].  Recently, Zhang and Liu [8] have 
developed a thin zeolite membrane with a metal sheet support system for the dehydration 
of ethanol via pervaporation. 
Membrane separation processes are also widely used in the medical field for a 
variety of applications [9].  These processes include dialysis [10] and controlled drug 
delivery [11].  The most common and widely known application of dialysis is in treating 
patients with kidney failure.  For this treatment, toxic matabolites, such as urea and 
creatinine, are removed from the blood of the patient.  In terms of membrane area and 
dollar value of membrane material in use, kidney dialysis is the largest application of 
membranes [1].  Dialysis is also used in artificial lungs to remove carbon dioxide and 
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supply oxygen to the blood stream when the patient’s lungs are not functioning.  
Controlled drug release can be accomplished in a number of ways and many of the 
common methods use membranes.  One well known application is the delivery of 
nicotine through the skin via patches to aid patients with smoking cessation. 
Membrane separation processes have been used for some time in the 
petrochemical industry for a variety of applications including olefin/paraffin separation; 
light solvent separation; solvent dewaxing; phenol and aromatic recovery; 
dehydrogenation; and coupling and reforming of methane [12]. 
 
1.2.2  Membrane Gas Separation Processes and Applications 
 Membrane gas separation is accomplished by passing a feed stream of gas 
mixture across one side of a selective membrane at a pressure which is elevated relative 
to the pressure on the opposite side of the membrane.  The selective membrane is most 
permeable to one component of the gas mixture in the feed stream which results in a 
permeate stream that is enriched in that one component of the original mixture.  For gas 
separation, this can be accomplished using both porous and dense membranes [1].  
Porous membranes are separated into three types based on the pore size and the 
separation mechanism.  For the membranes with larger pores (from 0.1 to 10 μm) the 
permeation takes place via convective flow and no appreciable component separation 
occurs.  If the pores are smaller (less than 0.1 μm), then the permeation is modeled by 
Knudsen diffusion and Graham’s law of diffusion.  Knudsen diffusion occurs when the 
pore diameter is smaller than the mean free path of the molecules and the density of the 
gas is low which causes the molecules to collide with the pore wall more often than each 
other.  Graham’s law of diffusion relates the molecular weight to the transport rate of the 
component.  If the membrane pores are very small (5 to 20 Å), the gases are separated by 
molecular sieving.  Diffusion of gas molecules through openings that are similar in size 
to the molecule is known as molecular sieving [13].  For a molecule to pass through the 
opening, activation energy is required for the molecule to overcome the repulsive force 
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of the walls of the constricted opening.  Larger molecules require a larger activation 
energy resulting in a lower rate of diffusion for the larger molecules.  The need for the 
larger activation energy for one size molecule and lower activation energy for smaller 
molecules increases the selectivity resulting from the molecular sieving mechanism.  
This is especially true when the opening size is very similar relative to the size of the 
molecule that is desired to diffuse through the membrane opening.  Transport through 
membranes with very small pores is a complex phenomenon involving diffusion in the 
gas phase as well as surface diffusion of absorbed feed stream components.  For the 
dense membranes, the solution-diffusion model is employed to describe the transport of 
gases through the membrane.  A review of the solution diffusion model has been 
published by Wijmans and Baker [14].  Most current commercial gas separations utilize 
dense polymer membranes based on this solution-diffusion model.  
When the solution-diffusion model is applied to zeolite and ceramic membranes 
it is sometimes referred to as the adsorption-diffusion model [15].  The change in name 
is a result of the fact that for inorganic membranes such as zeolite and ceramic 
membranes, the permeate is not dissolved on the membrane material but is instead 
adsorbed, meaning the component gases adhere to the surface of the membrane.  This is 
different from absorption which occurs in the solution-diffusion model where the 
component gases are dissolved by, or permeate, the membrane material [16].  The 
solution-diffusion, and adsorption diffusion, model consists of three basic steps: the gas 
mixture is separated into its component parts at the membrane interface (dissolution of 
the gas), the gas is transferred through the membrane (diffusion of the gas), and the gas 
is removed from the membrane (elution of the gas) [17]. 
A review of the transport of gases through membranes, particularly zeolite 
membranes, was recently published by Gavalas [18].  Gavalas describes three methods 
of quantifying multicomponent diffusion: Fick’s law, Onsager irreversible 
thermodynamics and the Maxwell-Stefan method pioneered by Krishna and various 
colleagues.  For binary diffusion, all three of these methods are analogous and have been 
shown to be equivalent [19].   
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The most basic quantitative treatment of binary gas diffusion is given by Fick’s 
law which describes the movement of one species through another species due to a 
driving force gradient in the particular species of interest [20, 21].  Fick’s law is similar 
in form to Newton’s law of cooling and Fourier’s law of heat conduction.  In place of the 
convection coefficient or the conductivity, Fick’s law utilizes the diffusivity to describe 
to rate of diffusion due to a gradient.  In literature, membrane gas separation is 
sometimes labeled as a concentration driven process [12] and other times as a pressure 
driven process [22].  As described in the review by Wijmans and Baker [14], the 
solution-diffusion model assumes a constant pressure within the membrane which 
assumes that membranes transmit pressure in a manner similar to liquids.  As a result, 
the pressure difference across the membrane is expressed as a concentration gradient 
within the membrane.  The chemical potential gradient is generally simplified to 
consider only concentration and pressure gradients.  In the simplest version of the 
Fickian solution-diffusion model where only pressure gradients are considered, the 
driving force for membrane gas separation is the partial pressure difference between the 
feed and permeate sides [1].    As mentioned above, another model for analyzing gas 
permeation is based on irreversible thermodynamics where the driving force is a 
chemical potential gradient.  This model is not utilized in this research and as a result 
will not be discussed further. 
The generalized Maxwell-Stefan theory is most often applied to processes 
involving gas permeation in recent literature.  The Maxwell-Stefan theory is outlined in 
detail in several texts [20, 23, 24] and in the literature [25].  The theory is based on a 
microscopic model of the physical effects governing diffusion.  The application of the 
Maxwell-Stefan theory is commonly applied to zeolite membranes, particularly when the 
zeolite has very small pores [26].  The application of the Maxwell-Stefan theory to 
zeolite membranes in particular has been researched and was found to be superior to the 
much simpler Fick’s law [27].  Specifically, the Fick’s law approach fails to model the 
flux maximum which has been observed experimentally [28] while the Maxwell-Stefan 
theory can model this behavior.  Among other reasons, this is possible because the 
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Maxwell-Stefan model accounts for the variation in the diffusion coefficient that is not 
included in the Fick’s law approach. 
For industry, membrane gas separation is an increasingly attractive alternative 
compared to less efficient thermally driven gas separation processes which have been 
widely utilized in the past.  Thermally driven cycles such as cryogenic distillation and 
adsorption processes rely on a phase change to accomplish separation and are inherently 
energy intensive [29].  Since the first commercial production of membrane separation 
units began in 1980, the use of membrane separation has increased dramatically; 
however, the process is still not used for many of its possible applications in the refinery 
and chemical industries. In addition to lower energy utilization, the membrane separation 
units have the added benefits of small equipment size, little waste generation and a lack 
of moving parts which generally increases reliability. 
In the refinery and petrochemical industry, membrane gas separation techniques 
have been widely applied for a large number of processes.  Recently, a review of the 
science and applications of membrane gas separation technology, the history of the 
technology and the current state of production was published by Bernardo, Drioli and 
Golemme [22]. Hydrogen recovery was one of the first applications where membrane 
gas separation was widely adopted.  Membranes are also used for air separation in order 
to produce oxygen enriched air or generate nitrogen.  Nitrogen production using 
membranes is currently the largest application of membrane separation in the industry.  
Other applications include natural gas sweetening, landfill gas upgrading, natural gas 
dehydration, sour gas treating, helium separation and recovery, hydrocarbon recovery, 
pollution control, polyolefin purge gas purification and air dehumidification.  The 
membrane gas separation devices available on the market to date are generally used for 
air drying in compressed air systems where moisture can damage the devices utilizing 
the compressed air such as pneumatic controls systems in the building industry.  Gas 
separation has also been used for the control of carbon dioxide in sealed environments 
such as human inhabited spacecraft [30]. 
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Numerous projects have been undertaken seeking to develop membranes that can 
be used to dehumidify atmospheric air for the purposes of air conditioning and human 
comfort.  Such a system was investigated by researchers at NASA for use in space craft 
[31].  This system relies on a stream of cooled water to cool the air below the dew point 
causing the water vapor to condense prior to passing through the membrane.  The device 
is similar to a shell and tube heat exchanger with the moist air in the shell and the cooled 
water in the tubes except that the tubes in this case are made of a water permeable 
membrane.  This type of device is known as a membrane contactor because it allows a 
gaseous phase and a liquid phase to contact each other via a membrane.  Having the 
water condense on the membrane tubes makes this device particularly well suited for 
microgravity environments as compared to a conventional shell and tube arrangement 
which relies on gravity for collection of the condensate.  A membrane contactor device 
for dehumidification of air was developed by Usachov et al [32].  This system uses a 
liquid absorbent (triethyleneglycol, TEG) on the liquid side of the contactor and includes 
a regeneration process.  Another device developed for NASA uses a membrane and a 
vacuum to remove water vapor from the air stream [33].  The modular device uses flat 
sheets of a polyelectric membrane material that is water permeable.  For the original 
spacecraft application, the natural vacuum of space is used to produce the process 
driving pressure differential which eliminates the need for a vacuum pump.   Efforts 
have also been made to develop membrane based dehumidification systems for use in 
buildings.  These efforts are discussed in detail in a subsequent section. 
 
1.2.3  Condensation of a Vapor in the Presence of a Non-Condensable Gas 
 In the building industry, most vapor condensation processes (other than 
condensing of water from ambient air) occur as a part of a conventional vapor 
compression refrigeration cycle.  In these cycles, the refrigerant vapor passes through a 
heat exchanger where it condenses from a gas to a liquid.  The systems are evacuated 
prior to the refrigerant being added to ensure that the refrigerant is the only component 
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in the system.  Single component condensation in these cases is forced convection with 
film condensation [34].  In common building industry equipment this process often 
occurs in an annular flow configuration in the case of air cooled condensers and in the 
shell of a shell-and-tube condenser in the case of liquid cooled condensers. 
 The study of condensation of pure vapors was first undertaken by Nusselt [35] 
who investigated the film condensation of a stationary pure vapor on a vertical flat plate.  
A detailed account of Nusselt’s work is presented in most any basic heat transfer 
textbook given its fundamental nature.  In order to make the analysis of condensation of 
pure vapors simpler, many empirically derived correlations have been developed for 
natural flow, forced flow, external flow and internal flow.  The problem at hand involves 
a forced convection internal flow condition which has been given much attention with 
many different correlations available for various flow conditions [36].  One of the most 
widely applicable correlations available is that of Shah [37].  The effect of non-
condensable gases on the condensation of a vapor is described briefly [34] or barely 
mentioned [21] in most basic heat transfer texts used today despite the common presence 
of the process in nature (e.g. morning dew, condensation on a cold glass, etc.).  One 
older general text does include a more detailed description of the problem [38].  Other 
more specialized texts describe the problem in more detail [36, 39-41].  The presence of 
the non-condensable gas changes the rate of vapor condensation so that it is no longer 
dependent entirely on Nusselt’s condensing mechanism.  Under   steady state conditions, 
once a condensate film has formed condensation occurs at the interface of the 
condensate film and the gas vapor mixture.  As the condensation of the vapor at the 
interface takes place, there is a bulk flow of gas toward the interface due to a suction 
effect created by the condensing vapor.  When the vapor condenses only the non-
condensable gas is left at the interface resulting in a greater concentration of non-
condensable gas near the interface than in the ambient flow.  Conversely, the 
concentration of the vapor near the interface is less than the concentration of the vapor in 
the ambient flow.  In order for the vapor to continue condensing, the vapor must transfer 
through the gas film created near the interface via diffusion.  The diffusion of the vapor 
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through the gas is driven by the difference in partial pressure of the vapor in the gas film 
and the ambient flow which is the result of the concentration gradient.  Under 
equilibrium conditions, the concentration of the non-condensable gas near the interface 
is high enough so that the diffusion of the gas away from the interface due to the partial 
pressure gradient is balanced by the rate that the non-condensable gas concentration 
increases near the interface due to the condensation of the vapor.  The reduced partial 
pressure of the vapor at the interface causes the saturation, or dew point temperature (i.e. 
the temperature at which condensation of the vapor will occur at a given partial 
pressure), of the vapor near the interface to decrease.  The result is for the effective 
thermal driving force, and thereby the net heat transfer, to be reduced due to the 
reduction in the effective temperature difference. 
 The analytical assessment of the condensation of a vapor in the presence of a 
non-condensable gas relies on either the boundary layer analysis or the heat and mass 
transfer analogy [42].  Many boundary layer solutions focus on a flat plate geometry 
with natural convection.  The heat and mass transfer analogy assumes that the mass 
transfer and the heat transfer are connected via the latent heat of vaporization of the 
condensing vapor.  In other words, if the heat lost by the vapor can be calculated, this 
analogy allows for the calculation of the mass transfer using the latent heat of 
vaporization. 
 The details of this physical process have been explored in detail by numerous 
investigators.  Votta and Walker [43] investigated the flow of a vapor and non-
condensable in a tube (e.g. tube side condensation in shell and tube heat exchanger).  
Furman and Hampson [44] investigated the crossflow of such a mixture over a cylinder 
(e.g. shell side condensation in shell and tube heat exchanger).  Both of these early 
efforts were experimental studies focusing on empirical solutions.  Sparrow and Lin [45] 
were the first to develop an analytical boundary layer analysis approach to the problem 
of natural convection condensation in the presence of non-condensable gas using only 
the conservation laws.  The results of the analytical approach developed were compared 
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to measured data for a steam-air mixture and were found to satisfactorily agree with the 
empirical data.  
Building on this work, Minkowycz and Sparrow [46] investigated the magnitude 
of numerous physical effects on the condensation of vapors in the presence of non-
condensable gases via natural convection using boundary layer analysis.  For all cases 
investigated, a comparison between the heat transfer for the case of a pure vapor and the 
case of a vapor with non-condensable gas was conducted. Although the present problem 
does not involve natural convection condensation, the detailed and thorough nature of 
the work makes it worth some attention.  The physical effects under consideration 
included interfacial resistance, superheated vapor, thermal diffusion and diffusion 
thermo.  Interfacial resistance is the result of the fact that the net condensation of a vapor 
at the interface is the difference between the simultaneous evaporation and condensation 
of the vapor.  According to the kinetic theory of gases, an imbalance of these two 
processes (i.e. a net condensation or evaporation) requires a temperature jump at the 
interface from which there is an additional thermal resistance.  The interfacial resistance 
was found to be a second order, negligible effect when the combination of steam and 
non-condensable air is considered.   Superheating of the vapor before the condensation 
process begins was found to result in an increase in the overall heat transfer and as a 
result is considered an important factor.  Thermal diffusion is the transport of mass due 
to a temperature gradient while diffusion thermo is the transport of mass due to a 
concentration gradient.  The effects of both thermal diffusion and diffusion thermo on 
the overall heat transfer were found to be negligible.  Overall, the presence of even a 
small amount of non-condensable gas was found to have a profound effect on the overall 
heat transfer.  A fifty percent reduction in heat transfer was found for a non-condensable 
gas mass fraction of only one half of a percent.  As the mass fraction of the non-
condensable gas increased, the heat transfer was found to consistently decrease.  The 
effect of the non-condensable gas on heat transfer was found to be greater at low 
pressure levels.  An approximate solution to the problem previously investigated by 
Sparrow and Lin was developed by Rose [47].  The results from the approximate method 
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were found to agree with the exact analytical solution results over a wide range of 
conditions. 
Further analysis by the same authors and another colleague [48] focused on 
forced convection condensation in the presence of non-condensable gases.  Again, the 
effect of the interfacial resistance on overall heat transfer was found to be negligible.  
Similarly, the presence of the non-condensable gas at low pressures, particularly sub-
atmospheric pressures, was found to have a strong negative effect on the overall heat 
transfer.  Also, in general the mass fraction of the non-condensable was found to have 
the same strong effect on the overall heat transfer as described in the natural convection 
study above; however, natural convection condensation heat transfer in the presence of 
non-condensable gas was found to be more sensitive to the mass fraction of the non-
condensable gas than the forced convection case.  Additional analysis of forced 
convection conditions was undertaken by Siddique [42]. 
The earliest design procedure for condensers with a condensing vapor in the 
presence of non-condensable gases was presented by Colburn & Hougen [49].  The 
Colburn & Hougen method is a film method which equates the heat transferred through 
the condensate, the tube wall, and the cooling-water film to the sum of the sensible heat 
transferred by cooling the uncondensed gas and the latent heat from the amount of vapor 
transferred by diffusion.  This method is based on the heat and mass transfer analogy 
discussed above.  In order to equate these two values the temperature at the interface 
between the condensate and the gas phase must be known.  To complete the procedure, 
the temperature at the interface is guessed and the equality checked repeatedly until the 
two quantities described above are equal (or very near equal).  This method was 
modified by Bras [50, 51] to allow for the analysis of superheated mixtures entering the 
condenser.  The Bras method was presented in greater detail and compared to measured 
results by Stern [52] and Stern and Votta [53].  Another commonly used design method 
is known as the Silver method [54], or the Silver-Bell method [55], which is a modified 
version of the original Silver method.  In an effort to improve the accuracy of the 
equilibrium method further, the Silver-Bell method has been modified by numerous 
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researchers including McNaught [56] and Webb et al [57].  This Silver method and all of 
the modified versions of the Silver method are approximate equilibrium methods which 
differ from the Colburn & Hougen film method on the gas side by not directly 
considering the mass transfer process.  The original Silver method did not include the 
mass transfer in the vapor phase at all but was later modified in the Silver-Bell method 
to include an approximation of this phenomenon by overestimating the heat transfer 
resistance to account for the related error.  All subsequent modifications of the 
equilibrium method also attempt to account for the mass transfer process without 
requiring diffusion data for the substances involved.   
Other design procedures have been presented by Gloyer [58, 59] and Ward [60].  
Gloyer’s method relies on overall conditions rather than point conditions within the 
condenser while also neglecting mass transfer resistance in the vapor.  Ward’s procedure 
and the Silver-Bell method are very similar with the exception of the sensible heat 
associated with cooling the condensate which is included in the Silver-Bell method but 
not in Ward’s method.   
Of these methods, the Silver-Bell method has been the most widely applied in 
industry and its use has prompted numerous comparisons with the Colburn & Hougen 
method which is commonly regarded as the more physically accurate of the two but is 
more difficult to implement.  The most recent such comparison [61] compared the 
results of the film method and equilibrium method (as modified by Webb et al [57]) in 
the design and analysis of vent and reflux condensers.  The conclusion of this 
comparison was that the film method is superior to the equilibrium method which 
underestimates the overall heat transfer coefficient.  Underestimating the heat transfer 
coefficient subsequently causes an overestimation of the heat transfer area required 
resulting in oversizing of condensers designed using the method.   The analysis also 
found that the error in the equilibrium method is a function of the Lewis number (i.e. the 
ratio of thermal diffusivity to mass diffusivity) with the greatest error at low Lewis 
numbers.  These results are similar to a previous comparison of the two methods [57].  
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Even earlier comparisons by Webb [62] and McNaught [63] also found the film method 
to be more accurate than the equilibrium method. 
In a recent study, a countercurrent cross flow heat exchanger was tested 
experimentally to determine the validity of a Colburn & Hougen based film model 
analysis to predict the performance of a flue gas condenser [64].  An iterative numerical 
approach was utilized using both FLUENT and EES as the simulation engines.  
Comparison of the simulation and measurement results indicated the methodology 
results agreed reasonably with the test setup results.  The Colburn & Hougen film 
method procedure has also been used to analyze the heat and mass transfer process for 
water vapor in moist air condensing on a tube [65].  The authors proposed the use of a 
dimensionless number known as the condensation factor (abbreviated Ch) which is a 
ratio of temperature differences based on the temperatures of the various fluid streams.  
Using this dimensionless number, the authors also propose a correlation for calculation 
of the convection-condensation heat transfer coefficient. 
The problem of condensing a vapor in the presence of a non-condensable gas has 
been given much attention in the nuclear industry given its relevance to the inherent 
safety of nuclear reactor operation.  A recent analysis utilized the MARS (Multi-
dimensional Analysis of Reactor Safety) code to analyze condensation in a vertical tube 
[66].  The original MARS condensation model utilized the Colburn & Hougen iterative 
film model methodology without considering interfacial sheer stresses.  The results 
utilizing the original model varied significantly from the measured data used for 
comparison.  Specifically, the original MARS code overestimates the condensation heat 
transfer coefficient in laminar flow conditions.  The authors presented and analyzed an 
improved MARS code which includes the effects of the shear stress in the analysis 
approach while still utilizing the iterative Colburn & Hougen procedure.  The results 
from the modified code were much improved from the original results. 
Another code used in the nuclear industry for analyzing possible accident 
scenarios is RELAP5/MOD3 (or RELAP5/MOD3.2) from EDA, Inc. The code uses a 
partially implicit numerical scheme which allows the user to simulate many general 
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thermo hydraulic systems.  This code has been used by numerous researchers to 
investigate the relevant problem.  One study compared the results of two experimental 
tests, a U-tube condensation experiment and an MIT steam condensation experiment, 
with the results of simulations performed using the RELAP5/MOD3 code [67].  Both 
experiments dealt with the condensation of steam in the presence of a non-condensable 
gas (or gases).  The results showed agreement between the experiments and the 
simulation for some parameters but not for others which lead the authors to recommend 
the development of a more refined model.  A second study by one of the same authors 
tested an improved model for the problem which relies on an iterative procedure to find 
the heat transfer coefficients [68].  This method was designed to overcome a number of 
deficiencies in the original model including the over prediction of the heat transfer 
coefficients.  The modified model was tested with four sets of experimental data and the 
results were found to be in much better agreement with experimental results than the 
original model in RELAP5/MOD3. 
Given the time intensive nature of the iterative procedure required to implement 
many of the simulations, an approximate method would be beneficial in simulations 
where the condenser is only one part of a larger system.  Such an approximate procedure 
was developed for annular filmwise condensation in vertical tubes when non-
condensable gases are present [69].  The approximate method was checked by 
comparison with the conventional iterative procedure which was verified via comparison 
with experimental data.  Both methods were found to accurately predict the heat transfer 
coefficient and the condensate film thickness.  Another noteworthy investigation 
involved extensive experimental testing to develop a set of correlations to represent the 
data [70].  This empirical approach is non-iterative but is limited by the constraints 
applied in experimental testing used as the basis for the correlations.  Similarly, 
Revankar et al [71] developed a correlation based on empirical data for a vertical passive 
condenser system found in some nuclear reactor systems. 
Yet another team of researchers first developed an iterative model to determine 
the condensation heat transfer coefficient for condensation in a vertical tube and 
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subsequently developed a non-iterative correlation based procedure which was compared 
to the iterative model and experimental results [72].  The non-iterative model developed 
allows for direct calculation of the temperature and pressure at the liquid gas interface 
and expresses the heat transfer coefficient in terms of non-dimensional bulk parameters.  
The results for both the iterative and non-iterative models are found to agree with the 
experimental results used for comparison.  Similarly, De la Rosa et al [73] also derived a 
non-iterative model which relies on a series of algebraic equations.   
Many of the models discussed in the literature are focused on cases where the 
inlet non-condensable gas fraction is low (<20%) and caveats are included which 
question the accuracy of these models at higher inlet gas concentrations.  Given that 
some condensers are designed to handle higher inlet gas fractions, a simple model was 
sought to analyze such devices [74].  This model is for a vertical tube with the gas-vapor 
mixture in the tube flowing downwards and the cooling in a surrounding annulus 
flowing upward in a counterflow configuration.  The model uses an iterative procedure 
to model both the coolant and condensing gas mass flows.  The results of this procedure 
are compared to the experimental results of Kuhn [70] and were found to agree with the 
experimental results quite well. 
Recently, very different analysis methods have been proposed and tested using 
numerical procedures and computer software not available when the previous methods 
were developed.  The most recent method found in the literature uses a set of differential 
and algebraic equations to model the heat and mass transfer which are solved using 
programming implemented in MATLAB [75].  The results from this procedure have 
been compared to three sets of experimental data for counter flow condensers where the 
gas-vapor mixture flows in a tube with the cooling water flowing in the annulus between 
the inner tube and an outer tube.   The comparison suggests that the model presented 
agrees well with the experimental data except for one parameter in one set of data.  This 
single discrepancy is attributed by the authors to experimental errors.  A similar 
approach was used to analyze a vertical tube with a constant wall temperature [76].  The 
equations developed are somewhat different from those presented by Li, Saraireh and 
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Thorpe, but a numerical solution approach was utilized to solve the differential equations 
in conjunction with an iterative guess-and-check procedure.  The authors also analyzed 
the effect of various parameters on the heat transfer coefficient.  While only a limited 
comparison with experimental data is presented, the analytical results are shown to agree 
satisfactorily with the experimental results. 
 
1.2.4  Existing Building System Dehumidification Technologies 
There are three conventional methods of removing moisture from air: refrigerant 
dehumidification, sorbent dehumidification, and air-cycle dehumidification [77, 78].  
Sorbent dehumidification involves putting the moist air in contact with a solid or liquid 
which absorbs water due to a change in the physical or chemical structure of the 
substance.  Refrigerant dehumidification is accomplished by reducing the temperature of 
the air below the dew point temperature by passing the air through a heat exchanger 
(cooling coil) which is cooled either directly or indirectly via a vapor compression 
refrigeration cycle.  Air-cycle dehumidification is accomplished by compressing the 
moist air and then subsequently expanding the moist air which causes water droplets to 
form from the water in the air.  In addition to the three conventional methods, several 
efforts have been made to apply membrane dehumidification to buildings.  These 
developments are also discussed below. 
Sorbent dehumidification systems can be divided into two general categories 
depending on the material used to remove moisture from the air [77].  Absorbents are 
materials that change their physical or chemical nature when they absorb moisture.  
Adsorbents are solids on which water condenses with no change in the nature of the 
material. Sorption systems can also be categorized based on whether the sorbent material 
(or desiccant) is a liquid or a solid.  In the case of liquid desiccants, the liquid is sprayed 
through the air stream and then regenerated using heat causing it to release the moisture 
it absorbed from the moist air.  The earliest liquid desiccant system was proposed by Lof 
[79].  A common liquid desiccant is lithium-chloride which also serves as a biocide for 
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the treated air [80].  In the case of solid desiccants, the solid is positioned so that moist 
air passes across its surface and then the desiccant is regenerated using heat which can 
be obtained from waste hear or an exhaust air stream [81]. For these systems, no sensible 
cooling is required to remove the moisture.  A common solid desiccant is silica gel.  A 
review of the use of desiccant technology in air conditioning systems was presented by 
Daou, Wang and Xia [82] including a discussion of the basic desiccant cooling process 
and applications of desiccant systems presented in literature.  A more recent review by 
Enteria and Mizutani [83] also discussed the basic science and various applications of 
desiccants in air conditioning systems. 
Refrigerant dehumidification involves the use, either directly or indirectly, of a 
vapor compression refrigeration cycle to produce a cold fluid which is then passed 
through one side of a heat exchanger while the moist air passes through the other.  The 
cold fluid must be at a temperature less than the dew point temperature of the moist air 
in order for the water in the moist air to condense on the surface of the heat exchanger.  
As the water from the moist air condenses it releases its latent heat to the cold fluid in 
the heat exchanger which in effect converts the latent heat of the water vapor to sensible 
heat in the cold fluid.  With this system, significant sensible cooling of the moist air 
must be done before condensation, or latent cooling, occurs. 
Air-cycle dehumidification involves the use of a compressor to increase the 
pressure of the moist air to be dehumidified.  When the air is compressed, it becomes hot 
and its enthalpy increases.  If this compressed air is cooled at its higher pressure and then 
expanded, the air will cool upon expansion and some of the moisture in the air will turn 
to liquid form during the constant enthalpy expansion process.  This method of cooling 
air has not been utilized in the building industry but has been included to ensure a 
complete description of the available options. 
In addition to these conventional methods, several researchers have sought to use 
different types of membranes for dehumidification in buildings.  El-Dessouky, Ettouney 
and Bouhamra [84] proposed a device using tubular ceramic membranes with a vacuum 
on the permeate side of the membrane to remove moisture from air followed by an 
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evaporative cooler for additional cooling.  A similar device for air dehumidification 
comprised of tubular membrane modules with a vacuum on one side was developed by a 
separate team from Korea [85].  Supported liquid membranes have been studied in detail 
by Ito and colleagues [86, 87].  Numerous researchers have investigated the use of 
membranes in an energy recovery ventilator where water vapor is passed from one air 
stream to another without the use of a vacuum to drive the process.  A run-around energy 
exchanger using membrane pervaporation as the method of dehumidification with 
lithium bromide as the working fluid has been proposed and analyzed by a Canadian 
team [88]. 
 
1.2.5  Existing Combined Dehumidification and Sensible Cooling Systems 
 Existing systems which combine sensible and latent cooling can most simply be 
organized based on whether the sensible cooling and latent cooling are accomplished 
simultaneously or separately.  The simplest system is the vapor compression driven 
cooling coil (either directly or indirectly driven using a second cooling medium) which 
removes moisture from the air via cooling of the air.  In this case the sensible cooling 
and latent cooling are accomplished simultaneously and cannot be controlled separately.  
This is the most common method and is not really a combined system but a combined 
process (i.e. the sensible and latent cooling are combined together).  Another combined 
system where sensible and latent cooling occur simultaneously is the enthalpy wheel.  
The simplest enthalpy wheel is positioned so that return air flows across one half of the 
wheel and return air flows over the other half in a countercurrent flow configuration 
[89].  The wheel is a solid desiccant coated matrix made of metal which allows for the 
transfer of both heat and moisture.  When the outside air is hot and humid, the wheel 
passes heat and water from the outside air stream to the return air stream which provides 
both cooling and dehumidification of the outside air.  These systems are commonly 
pretreat systems which partially condition the air before it is further cooled as necessary 
using a separate system.   In this case, the enthalpy wheel would be part of a combined 
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system in the sense that further cooling is taking place via a separate process further 
downstream. 
  A truly combined system uses two separate processes to accomplish sensible and 
latent cooling independently.  Separating the latent and sensible cooling has numerous 
advantages including improved humidity control and eliminating the need to overcool 
the supply air in order to remove moisture which allows for an increase in the 
temperature of the medium used for sensible cooling.  Increasing the temperature of the 
sensible cooling medium will increase the operating efficiency of the sensible only 
cooling system by allowing for an increase in the evaporator temperature.  Numerous 
different methods of providing the required latent cooling and sensible cooling 
independently are discussed below. 
In one system, a wheel similar to the enthalpy wheel is used to provide latent 
cooling without providing any useful sensible cooling effect [90].  Such a wheel is 
commonly referred to as a desiccant wheel in order to differentiate it from the enthalpy 
wheel discussed above and the heat wheel which provides sensible heat transfer only.  
Desiccant wheels rely on a solid desiccant material to remove moisture and are usually 
used in conjunction with an evaporative cooler or a conventional vapor compression 
system.  Jia et al [91] presented a laboratory setting analysis of a hybrid system 
consisting of a desiccant wheel for latent cooling combined with a conventional vapor 
compression cooling system for sensible cooling.  A simulation analysis of a similar 
combined system applied to an office building in Beirut, Lebanon is presented by Ghali 
[92].  Another analysis focused on the second law efficiency of a complex hybrid system 
using a desiccant wheel, evaporative cooling and conventional refrigeration cycle [93].  
This complex system has been operating successfully since 2008 at a university in 
Turkey.  Fong et al [94] recently published the results of an investigation of a hybrid 
system using a desiccant wheel in the hot and humid climate of Hong Kong.  The system 
analyzed combines a vapor compression chiller, a desiccant wheel, a heat wheel and 
solar energy as a regenerative heat source.  A simulation analysis of two high latent load 
commercial applications was conducted and found significant savings potential through 
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the use of the proposed system.  Another study included a laboratory test and a 
simulation analysis of a desiccant wheel hybrid system in Pakistan [95].  The results 
demonstrate the need for a secondary cooling system when a desiccant wheel is 
employed for conditioning of outside air during the majority of the cooling season.  A 
novel hybrid system has been proposed where the desiccant material is placed on the 
evaporator and condenser of a heat pump system [96].  The proposed system operates 
cyclically using a system of dampers and a four way valve in the refrigerant system to 
alternate the heat exchangers between evaporator/dehumidifier mode and 
condenser/regenerator mode.  An experimental study found the proposed system is much 
better at dehumidification than sensible cooling.  A packed bed solid desiccant 
configuration is used for dehumidification in some applications but is not as common as 
the desiccant wheel type.  Fatouh, Ibrahim and Mostafa [97] presented an analysis of a 
hybrid system consisting of a packed bed desiccant dehumidifier and a conventional 
vapor compression system for sensible cooling.  The analysis of the system focused on 
the details of the dehumidification in the packed bed system but also showed a 10.2% 
decrease in electricity use when compared to a conventional vapor compression system 
providing all of the cooling. 
Other hybrid systems utilize a liquid desiccant to provide the latent cooling in 
conjunction with a separate sensible only cooling system.  A literature review by 
Christodoulaki, Rogdakis and Koronaki [98] examined such a hybrid system in detail.  
Their investigation found that the size, unstable operation and ambient condition 
dependent performance of the systems have limited their widespread use to date.  A 
study focused on the use of liquid desiccants in hot and humid climates evaluated seven 
cycles for providing air conditioning in hot and humid climates [99].  Most of the cycles 
evaluated utilized an evaporative cooler to provide sensible cooling and a liquid 
desiccant to provide latent cooling.  Dai et al [100] presented an analytical comparison 
of a vapor compression system and a hybrid system consisting of a liquid desiccant, 
evaporative cooler and vapor compression system.  The study found that the hybrid 
system is capable of increasing the cooling capacity by 20-30% over the vapor 
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compression only system.    A simulation study of a hybrid system in Tokyo, Japan 
found that the COP of the hybrid system can reach 4.3-5.7 in summer conditions 
depending on the specific ambient conditions [101].  An experimental study by Mago 
and Goswami [102] compared the performance of a vapor compression system and a 
liquid desiccant hybrid system in a residential application in the hot and humid climate 
of Florida.  The results indicate that the liquid desiccant system performs better than the 
vapor compression system alone by reducing the humidity and temperature of the 
discharge air.  A later study by Mago, Chamra and Steele [103] presents a finite 
difference model of a hybrid liquid desiccant system which can be used to predict many 
relevant operating parameters for the system.  A “stand alone” liquid desiccant system 
based on the Jain Cycle [99] was proposed by Kumar et al [104] which seeks to 
eliminate the need for a vapor compression cycle to augment the desiccant cooling by 
using evaporative cooling instead.  The results of the mathematical analysis of the 
proposed modified cycle shows an increase in the performance over that found by Jain 
[99].  Although the system is described as “stand alone” it can still be considered a 
hybrid in the sense that evaporative cooling is required to augment to liquid desiccant in 
order to meet the desired outlet air conditions. 
In addition to these systems, the previously discussed membrane system 
developed by El-Dessouky, Ettouney and Bouhamra is a combined system which uses 
the membrane for dehumidification and an evaporative cooler (both direct and indirect) 
for further cooling.  Zhang et al [105] presented a detailed thermodynamic analysis of a 
combined system which uses an energy recovery ventilator to precool outside air which 
is then further cooled and dehumidified by a conventional vapor compression system.  
This system is different from the other combined systems presented above in that the 
dehumidification and sensible cooling are not completely separated, but it still combines 
two separate technologies to condition the air.  A similar analysis would be useful for 
analyzing the membrane based energy recovery ventilators previously discussed.  
Currently, Dais Analytic Corporation is developing a membrane based cooling system 
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that separates the dehumidification from the sensible cooling and produces the chilled 
water used for sensible cooling using a membrane [106]. 
 
1.2.6  Second Law Analysis of Building Systems 
The literature concerning the application of second law analysis (or exergy 
analysis) to buildings can be divided according to the scope of the exergy based analysis 
presented beginning with component level analysis, building level holistic analysis and 
neighborhood and community level analysis.  Given the application under consideration 
in this work, the review presented below is focused on component level analysis with 
some attention given to the holistic level analysis.  The neighborhood and community 
level analysis has been a strong focus of the literature but is generally beyond the scope 
of this project.  As a result, neighborhood and community level analysis is discussed 
only briefly.  The use of the second law of thermodynamics in thermoeconomic analysis 
is also discussed. 
Two International Energy Agency (IEA) Energy Conservation in Buildings and 
Community Systems (ECBCS) Annexes are closely related to the use of exergy analysis 
for buildings: Annex 37 and Annex 49.  The Annex 37: Low Exergy Systems for 
Heating and Cooling of Buildings project was completed in 2003 and a guidebook was 
released discussing the results of the project [107].  The Annex 49: Low Exergy Systems 
for High-Performance Buildings and Communities project was completed in 2011 and a 
similar guidebook was released discussing the results of the project [108].  The focus of 
this Annex is on the exergy analysis of individual systems and components within a 
building or a community. 
Component level second law analysis of building HVAC systems can be applied 
to many different system elements from a single compressor or fan to an entire chiller or 
heat pump.  Thus, “component” can refer to a large scale of analysis that does not 
necessarily refer to a single piece of equipment (i.e. an individual compressor or fan).  
For the purposes of the discussion below, component will refer to any individual system 
 
 
26 
 
of a building unless otherwise noted.  In other words, in discussing components, a broad 
definition will be used which means any level of analysis that is less than holistic and 
does not include all systems which comprise a building but a small number of related 
systems or a single system.  Much of the component level analysis focuses on heating 
and cooling systems separately.  This is in part due to the separate nature of many of 
these systems.  Following the makeup of the available literature, the discussion below is 
organized along similar lines and heating and cooling system analysis will be discussed 
separately.  Much exergy based analysis of building components has been focused on 
renewable energy based systems (particularly solar driven systems); therefore, much of 
the research presented below will involve such systems.  A general review of such 
renewable focused exergy analysis was presented by Torio, Angelotti and Schmidt 
[109].   
A number of low exergy heating systems have been analyzed in detail including 
solar thermal systems, solar assisted heat pumps, ground coupled heat pumps, and 
biomass boilers.  For exergy analysis of solar thermal systems, the conversion of solar 
radiation into thermal energy by the collectors can either be included or excluded.  This 
relates to the fundamental question of defining the system boundary when conducting 
exergy analysis.  Either approach is theoretically valid but each approach will yield 
different results.  First, if the solar radiation conversion is included, in order to increase 
the overall exergetic efficiency of the system the collector outlet temperature should be 
maximized [110].  On the other hand, if the conversion is not included, simply 
maximizing the oulet temperature would increase the losses in the system components 
included and would also lead to a greater mismatch between the requirements of the 
energy demand and the energy supplied from the collectors.  This would decrease the 
overall exergetic efficiency of the system.  As a result, this analysis shows greater 
benefit in modifying the control strategies of the solar heating system [111].  The 
International Energy Agency’s Solar Heating and Cooling Programme Task 38: Solar 
Air-Conditioning and Refrigeration included a subtask (Subtask C) which was devoted 
to the thermodynamic analysis of solar cooling systems including exergy analysis of the 
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systems.  The results of this subtask are summarized in a technical report entitled 
“Exergy Analysis of Solar Cooling Systems” covering the activities of all contributors 
[112]. 
 Similarly, a number of low exergy cooling systems have been analyzed in detail 
including thermally driven compression cycles and desiccant cooling systems.  Exergy 
analysis has been used widely to improve the performance of thermally driven 
compression systems used in cooling applications.  Component level analysis of the 
thermally driven compression machine found that the absorber and generator are the 
areas with the greatest exergy destruction [109].  Lowering the generation temperature 
was found to increase the exergetic performance even though the energy performance 
was reduced.  This same study also shows a strong interdependence between the 
performance of individual components of the system which suggests a holistic approach 
is most advantageous.  Most of the studies focused on the compression system and did 
not consider the whole building energy flow.  Another study of thermally driven chillers 
focused specifically on double-effect lithium bromide/water absorption chillers and their 
second law efficiency [113].  The study found that increasing the heat source 
temperature increases the energy performance of the chiller but greatly reduces the 
exergy performance.  As previously mentioned in the discussion of the hybrid desiccant 
system, second law analysis was employed by Hurdogan et al [93] to analyze a complex 
cooling system using a desiccant wheel, evaporative cooling and a conventional 
refrigeration cycle. 
 Recently, an exergy analysis of three common air-side cooling systems was 
presented and the results found their exergy efficiency to be rather low [114].  The 
greatest source of irreversibility in the systems is the air cooling and dehumidification 
process followed by the reheat system where relevant.  A similar study performed 
exergy analysis on typical air-side systems using the TRANSYS simulation software 
[115].  In this study, the impact of air side setpoints on plant efficiency using exergy 
anaysis is also explored.  Another study focused specifically on the use of exergy 
analysis in retro-commissioning [116].  The application was limited to a single air 
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handling unit and a conventional electrically driven chiller.  For the AHU, the exergy 
analysis was used to help determine a reduced static pressure setpoint.  For the chiller, 
the exergy analysis was used to determine if the current operation of the chiller differed 
from normal operation (i.e. fault detection).  The results suggest that exergy analysis 
may be beneficial for fault analysis of chillers. 
 Currently the concept of exergy and exergy analysis have not been applied to 
buildings by a large number of researchers in a holistic way which focuses on loads, 
systems, and primary equipment similar to the energy analysis employed in simulation 
programs such as DOE-2.  Many of the exergy applications concerning building systems 
focus on individual systems such as space heating or thermal energy storage without 
consideration of all the exergy flows in the building.  Truly holistic building exergy 
analysis has been undertaken to varying degrees by a few researchers and two design 
tools which perform a holistic analysis of building exergy flows have been developed 
[117, 118].   Both of these tools are intended for aid in the design process of new 
buildings.  The second study utilized an existing software tool known as h.e.n.k. and 
applied it to a building in the Netherlands.  A separate analysis expands on that 
developed by Schmidt [117] by including heating and cooling considerations and by 
modifying the approach for steady-state analysis to a dynamic analysis through the use 
of TRANSYS [119].  This dynamic methodology was applied to a simple single zone 
office building in the Netherlands for testing.  The intention of this model is to allow 
designers to assess the results of modifications in the design of the building envelope 
versus modifications of the HVAC systems. 
Two pre-design analysis tools were produced as a part of Annex 37 which were 
intended to increase the understanding of exergy flows in buildings and demonstrate the 
areas of improvement of energy use in buildings [107].  The first tool is an educational 
tool which uses steady state calculations to perform an instantaneous analysis (as 
opposed to an annual or similar type analysis) but requires more detailed knowledge of 
the building than the second tool.  The second tool provides an estimate of the annual 
energy and exergy demands of the building but is less flexible due to the simplified 
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inputs required by the tool.  A number of tools were also produced as a part of Annex 49 
including a pre-design tool for building exergy analysis, a neighborhood level exergy 
design tool known as Cascadia and an Excel calculation tool for exergy-based 
optimizations known as SEPE (Software for Exergy Performance Assessment). 
At the larger neighborhood and community level, the available literature includes 
a general discussion of community level exergy analysis as well as a number of case 
studies.  The Cascadia analysis tool for a community consisting of high-rise commercial, 
residential, and retail was developed as a part of Annex 49 [108].  The focus of this tool 
is on the supply and distribution network for the community.  The results of a case study 
using the tool intended to compare the energy and exergy efficiencies for the various 
options led to a number of suggestions at the building level and the community level 
[120].  At the building level, changing from forced air to hydronic systems reduces the 
electricity demand which directly reduces the energy and exergy consumption for the 
system. At the community level, connecting the various building types in a series style 
hydronic loop is more advantageous than the more common parallel loops.  In general, 
this analysis takes a holistic approach to community assessment but given the nature of a 
community level analysis, a holistic approach is a necessity. 
Thermoeconomics (or exergoeconomics) is a type of analysis which combines 
conventional cost analysis with exergy analysis to assess energy systems of all types 
[121].  Thermoeconomic analysis seeks to analyze the optimal cost associated with 
thermodynamic inefficiencies of systems and components as well as methods available 
to reduce the inefficiencies, while simple thermodynamic analysis seeks only to 
minimize the thermodynamic inefficiencies in a system.  In other words, 
thermoeconomics seeks to couple exergy and cost streams in order to provide a more 
complete analysis than that provided by simple thermodynamic analysis alone.  This 
type of analysis was discussed to varying degrees in the literature as early as 1932 by 
Keenan [122].  The widespread application of thermoeconomics as it is used today did 
not begin until the 1980’s and even more so in the 1990’s when the methodology 
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became more standardized.  This standardization was in part the result of the work of 
Valero, Luzano and Munoz [123] and Lozano and Valero [124]. 
Given the nature of thermoeconomics, it has most widely been applied to primary 
energy systems where the raw energy (i.e. coal, oil, natural gas, etc.) is being converted 
into a more refined energy stream such as electricity, steam, chilled water or some 
combination of such streams.  As a result, many studies have discussed the application 
of thermoeconomics to systems such as power plants, combined heat and power 
installations and trigeneration systems [125-131].   
Thermoeconomics has also been applied to air-conditioning systems by a number 
of researchers.  Tozer, Valero and Lozano [132] applied thermoeconomic analysis to 
four common building systems which include the plant (or primary) and air-side (or 
secondary systems) and identified life cycle cost savings of up to 20%.  A similar 
analysis focused on a common system consisting of an air side mixing chamber, a 
cooling coil which is supplied chilled water by an electrically driven chiller and a 
heating coil which is supplied hot water from a conventional boiler [133].  The 
thermoeconomic optimization was conducted using an iterative procedure which is 
highly user driven.  Marletta [134] analyzed the same system but used three different 
optimization procedures to optimize the system.  In order to compare the results of the 
three methods, the total cost (or objective function) is used for comparison to see which 
method produces the true minimum cost.  The total cost is the sum of the capital and 
operating costs given as a rate ($/h).  The three methods are found to produce similar 
results but the authors caution that each method is still best suited to a particular 
application. 
 
1.3 Summary of Literature Review 
The literature review presented above outlines the origins and current state of 
research in a number of different areas associated with the proposed research.   The areas 
discussed include membrane gas separation processes, the condensation of vapors in the 
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presence of non-condensable gases, existing dehumidification systems, existing 
combined sensible cooling and dehumidification systems and the application of second 
law of thermodynamics analysis to the built environment.  The review revealed the 
complexity of the problem of analyzing the condensation of vapors in the presence of 
non-condensable gases which has been the focus of much research.  The survey of 
existing cooling systems for buildings revealed that dehumidification approaches similar 
to that in the proposed work have been undertaken in the past and are currently being 
developed by other researchers.  Finally, the review put into focus the different 
approaches to applying second law analysis to building systems including the 
community level analysis, system level analysis and component level analysis. 
A number of items included in the literature review will be important in the 
implementation of the proposed work.  Most notably, Fick’s law for modeling the mass 
transport through the membrane and the Colburn & Hougen multicomponent condenser 
analysis methodology will be very important.  The Colburn & Hougen methodology will 
be adapted to an operational analysis procedure based on the design procedure presented 
in the literature.  The work presented by El-Dessouky, et al. [54] closely resembles the 
basic system in the proposed research.  Notable differences between this system and the 
proposed system are the lack of detailed condenser performance analysis and the use of 
only a single membrane section in the system presented in the literature.  Further, an 
analysis of the results presented found the power consumption is underestimated which 
causes an overestimation of the performance of the system.  The results suggest a latent 
COP of 65.6 is possible for the example presented while a check of the calculation 
resulted in a COP of 0.73 which seems more realistic based on the results obtained from 
the preliminary analysis discussed below.  Given this discrepancy, the previous analysis 
does not present an accurate picture of the performance of the system proposed in this 
research.   
Another dehumidification system discussed is a liquid desiccant combined 
system with a simulated COP of 4.3-5.7.  This analysis assumes a sensible only COP 
from the heat pump as high as 7.03 in the summer when the latent only COP is estimated 
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to be around 2.05 depending on the conditions.  The system proposed in this research 
will utilize a lower sensible COP estimate and is expected to exceed the latent COP of 
this combined system.  Additionally, a proposed membrane based system is estimated to 
use 50% of the energy required by a conventional system but no detailed analysis or 
experimental results were used to demonstrate this performance estimate. 
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CHAPTER II 
BASIC SYSTEM SIMULATIONS 
 
2.1 Introduction 
Initially, to assess the performance limits of the proposed system as well as 
estimate the performance of the real device, several different system models were 
developed.  All of the initial simulations utilize a simple model of the membrane 
separation process based on Fick’s law. Specifically, three different models were 
developed: an ideal condenser simulation assuming full water condensation in the 
condenser, a single-component condenser model assuming only water vapor is present in 
the condenser and a multicomponent condenser model which simulates the real device.  
In addition to assuming full water condensation in the condenser, the ideal case assumes 
fully isothermal compression devices and ideal cooling tower performance.  The single 
component condensation model where the air and water vapor are separated prior to 
entering the condenser was developed in order to explore the limits of a real condenser.  
While this is an idealization as well, it allows for a simple assessment of the system 
under real ambient conditions.  An initial multicomponent condensation model was also 
developed to provide a basic assessment of the real system performance.  The effects of 
real cooling tower performance on the system were also explored.  To guide the future 
work some system modifications intended to improve latent system performance were 
explored using these simple models. 
 
2.2 System Performance Goals 
The goal of this project is to conduct the thermodynamic analysis of the proposed 
membrane dehumidification system to demonstrate that the proposed system is more 
efficient than commercial technology at dehumidifying and sensibly cooling ambient air.  
An overall target COP was established by the funding agency (Department of Energy’s 
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Advanced Research Projects Agency – Energy, or APRA-E).  The overall target 
performance provided by ARPA-E is given as a thermal COP (COPth) value which is the 
source, or power plant, efficiency of the system which accounts for all of the losses in 
the generation and transmission of the electricity from the power plant to the point of 
consumption.  The provided target COPth value is 1.12.  The thermal COP value can be 
converted to a site or point of consumption total performance (COPtotal) using a simple 
factor of 3.2 (provided by ARPA-E) as shown in Equation 2.1 below. 
 𝐶𝑂𝑃𝑡ℎ = 3.2 ∙ 𝐶𝑂𝑃𝑡𝑜𝑡𝑎𝑙 (2.1) 
Based on the thermal COP given above, the total site COP required is 3.58.  
Using the overall performance goal provided by DOE and a reasonable assumed 
performance for the sensible cooling portion of the system, the required performance of 
the latent cooling portion of the system can be calculated.  In order to find the sensible 
and latent cooling, the enthalpies of air at the stated inlet (ha,in) and outlet (ha,out) 
conditions are used with the required total cooling load (Qtotal) of 1 ton in order to find 
the inlet air flow rate for the system.  Equation 2.2 below is used to solve for the air mass 
flow rate (Mair). 
 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑎𝑖𝑟 ∙ �ℎ𝑎,𝑖𝑛 − ℎ𝑎,𝑜𝑢𝑡� (2.2) 
Using the EES property lookup function the enthalpy values are found and the 
resulting airflow rate is found to be 85.0 CFM (ft3/min).  Next, the sensible (Qsensible) and 
latent (Qlatent) cooling loads are found using the flow rate and the two equations below 
(Equations 2.3 and 2.4) where CFM is the air flowrate in ft3/min, Ta,in and Ta,out are the 
inlet and outlet dry bulb temperatures, respectively and ωin and ωout are the inlet and 
outlet humidity ratios, respectively. 
 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 1.08 ∙ 𝐶𝐹𝑀 ∙ �𝑇𝑎,𝑖𝑛 − 𝑇𝑎,𝑜𝑢𝑡� (2.3) 
 𝑄𝑙𝑎𝑡𝑒𝑛𝑡 = 4840 ∙ 𝐶𝐹𝑀 ∙ (𝜔𝑖𝑛 − 𝜔𝑜𝑢𝑡) (2.4) 
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The total COP is found from a combination of the latent cooling, sensible 
cooling, the latent COP (COPlatent) and the sensible COP (COPsensible) using Equation 2.5 
below. 
    𝐶𝑂𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒+𝑄𝑙𝑎𝑡𝑒𝑛𝑡𝑄𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒
𝐶𝑂𝑃𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒
� +𝑄𝑙𝑎𝑡𝑒𝑛𝑡 𝐶𝑂𝑃𝑙𝑎𝑡𝑒𝑛𝑡
�
 (2.5) 
Using an assumed COPsensible of 4.6 as discussed in the project proposal and 
Equation 2.5, the required latent cooling system COP is found to be 3.34.  This value 
will be useful in assessing the size of the membrane required during system design, and 
in assessing the calculated performance of the system in the results discussed below. 
For the analysis described in the upcoming sections of this chapter, various state 
points in the system are denoted using numbers which relate to specific points in the 
system process.  The diagram in Figure 2.1 is the basic system diagram shown in Figure 
1.3 with the numbers described above added. 
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Figure 2.1: System diagram with state point numbering 
 
 
1 2
 
2 
3 
4 
5 
 
 
36 
 
2.3 Mass Transfer Model Methodology 
As discussed in the literature review, the simplest approach to the membrane 
mass transfer analysis is the use of Fick’s law which is analogous to Newton’s law of 
cooling for convection and Fourier’s law for conduction.  For the basic simulations, the 
mass transfer is modeled using Fick’s law and the partial pressure gradient for each 
component.  For simplicity, the gas composition is modeled as a binary composition 
consisting of air and water vapor.  The mass transfer characteristics of the membrane can 
be described using a number of different parameters.  The parameters used throughout 
this work are introduced and discussed below. 
 
2.3.1 Fick’s Law Modeling 
The model of the mass transfer utilizes a numerical approach as recommended by 
Stern and Wallawender [30] which recommends analyzing the membrane as 100 discrete 
elements.  Based on this recommendation and the limits of the EES software used for the 
simulation, the membrane is broken into 100 segments and analyzed using a separate 
subroutine in EES named Solver.  For each segment, a set of six equations (shown below 
as Equations 2.6 through 2.11) is solved to determine the permeate side gas composition 
from the given membrane and system operating parameters. 
 𝑋𝑎,2,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖 = 𝐴𝑚,𝑖 ∗ 𝜏𝑎 ∗ (𝑃𝑜𝑎 ∗ 𝑋𝑎,ℎ.𝑖 − 𝑃2 ∗ 𝑋𝑎,2,𝑖) (2.6) 
 𝑋𝑤,2,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖 = 𝐴𝑚,𝑖 ∗ 𝜏𝑤 ∗ (𝑃𝑜𝑎 ∗ 𝑋𝑤,ℎ.𝑖 − 𝑃2 ∗ 𝑋𝑤,2,𝑖) (2.7) 
 𝑋𝑎,ℎ,𝑖−1 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖−1 = 𝑋𝑎,ℎ,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖 + 𝑋𝑎,2,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖 (2.8) 
 𝑋𝑤,ℎ,𝑖−1 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖−1 = 𝑋𝑤,ℎ,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖 + 𝑋𝑤,2,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖 (2.9) 
 𝑋𝑤,2,𝑖 = 1 − 𝑋𝑎,2,𝑖 (2.10) 
 𝑋𝑤,ℎ,𝑖 = 1 − 𝑋𝑎,ℎ,𝑖 (2.11) 
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 The subroutine Solver is called once for each of the 100 segments of the 
membrane.  A diagram of one segment with the related inputs and outputs is shown 
below in Figure 2.2.  The subroutine Solver is sent the values for the segment membrane 
area (Am,i), water and air permeances, outside air total pressure, permeate total pressure 
(P2), total high pressure side inlet molar flow rate (Ntotal,h,i-1), water high pressure inlet 
molar fraction (Xw,h,i-1) and air high pressure inlet molar fraction (Xa,h,i-1).  The 
subroutine solves for the values of the total permeate molar flow rate (Ntotal,m,i), total 
high pressure side outlet molar flow rate (Ntotal,h,i), the water high pressure outlet molar 
fraction (Xw,h,i), air high pressure outlet molar fraction (Xa,h,i),  the water permeate molar 
fraction (Xw,2,i) and air permeate molar fraction (Xa,2,i). 
 In order to implement the numerical solution, the subroutine Solver is called by 
another subroutine named Repeater which, using the user inputs, analyzes the 100 equal 
segments of the membrane to determine the overall output conditions.  The outputs from 
the Solver subroutine are stored by the Repeater subroutine for each segment of the 
membrane.  The Repeater subroutine also uses the relevant output values from the ith 
segment to set the input values for the (i+1) segment of the membrane area.  Once the 
analysis has been performed for all 100 segments, the outlet unpermeated stream 
conditions are calculated as shown below in Equations 2.12 through 2.15 where Nw,m,total 
(or Nw,2) is the water molar flow rate through the entire membrane, Na,m,total (or Na,2) is 
the air molar flow rate through the entire membrane, Nw,out is the water molar flow rate 
of the unpermeated stream leaving the membrane device and Na,out is the air molar flow 
rate of the unpermeated stream leaving the membrane device. 
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Figure 2.2: Diagram of membrane mass transfer analysis for one segment 
 𝑁𝑤,𝑚,𝑡𝑜𝑡𝑎𝑙 = ∑ �𝑋𝑤,2,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖�100𝑖=1 = 𝑁𝑤,2 (2.12) 
 𝑁𝑎,𝑚,𝑡𝑜𝑡𝑎𝑙 = ∑ �𝑋𝑎,2,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖�100𝑖=1 = 𝑁𝑎,2 (2.13) 
 𝑁𝑤,𝑜𝑢𝑡=𝑁𝑤,𝑜𝑎 − 𝑁𝑤,2 (2.14) 
 𝑁𝑎,𝑜𝑢𝑡=𝑁𝑎,𝑜𝑎 − 𝑁𝑎,2 (2.15) 
Then the outlet molar fraction of water and the outlet humidity ratio are 
calculated as shown below in Equations 2.16 and 2.17. 
 𝑋𝑤,𝑜𝑢𝑡 = 𝑁𝑤.𝑜𝑢𝑡𝑁𝑤,𝑜𝑢𝑡+𝑁𝑎,𝑜𝑢𝑡 (2.16) 
 𝜔𝑜𝑢𝑡 = �𝑀𝑤𝑀𝑎� � 11−𝑋𝑤,𝑜𝑢𝑡 − 1� (2.17) 
 The outputs of the Repeater subroutine include the water molar fraction on the 
permeate side of the membrane for each segment, the total mass flow rate on the 
permeate side of the membrane for each segment, the total output mass flow rate on the 
high pressure side of the membrane for each segment, the output water molar fraction on 
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the high pressure side of the membrane for each segment and the parameters related to 
the unpermeated stream discussed above. 
 For a given set of operating conditions and membrane characteristics, the two 
subroutines outlined above are all that is necessary to determine the low pressure 
permeate stream and high pressure unpermeated stream outlet conditions.  Another 
subroutine will be introduced below which repeatedly calls the Repeater subroutine in 
order to determine the permeate side total pressure that is required in order to obtain the 
desired unpermeated stream outlet condition (i.e. the humidity ratio desired at the outlet 
of the membrane dehumidification device). 
 
2.3.2 Membrane Performance Characteristics and Metrics 
Using the simple form of Fick’s law outlined above to analyze the mass transfer 
across the membrane leads to the membrane characteristics being specified with a 
specific set of units.  These units differ from those which are sometimes used for more 
general descriptions of membrane mass transfer characteristics when the simple pressure 
gradient driven form of the Fick’s law analysis is not appropriate.  In some cases, the 
original form of Fick’s law which relies on a concentration gradient must be used.  
When the concentration gradient is used the membrane mass transfer characteristics are 
specified with units that correspond to this driving force. 
The characteristics commonly used to describe membranes in gas separation and 
pervaporation applications are the permeability, the permeance and the selectivity [135].  
The permeability (P) is the flux of a component through the membrane normalized for 
membrane thickness.  In other words it is the mass flow rate of a species through a 
membrane per unit area of membrane and unit of pressure differential across the 
membrane multiplied by the membrane thickness.  It is often given in units of Barrers (1 
Barrer = 10-6 cm3(STP)-cm/cm2-s-cmHg).  When the membrane thickness is not known, 
the membrane is described using the permeance (τ) which is equal to the permeability 
divided by the membrane thickness.  The permeance is the flux of a species through the 
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membrane normalized by the driving force.  The permeance is commonly reported in 
units of gas permeation units (gpu) (1 gpu = 10-6 cm3(STP)/cm2-s-cmHg).  The 
membrane selectivity (α) is simply the ratio of the permeabilites or permeances of two 
components for the given membrane.  For a binary mixture like that modeled in this 
work, a single selectivity value is capable of describing the membrane mass transfer 
characteristics. 
For this application, the permeance will be used to describe the membrane mass 
transfer performance.  Using the permeance has a number of advantages including ease 
of measurement in laboratory testing and the lack of detailed knowledge necessary 
regarding the membrane thickness.  For this work, a different set of units will be used 
than those presented above.  The permeance in this work is reported in units of mol/m2-
s-Pa.  An inspection of these units reveals that they still express the permeance as the 
flux of a species per unit area of membrane per unit of driving force (i.e. pressure 
differential). 
The three characteristics outlined above are, generally speaking, not dependent 
on the operating conditions of the membrane system.  In other words, they are not 
affected by the feed concentration, permeate pressure, or feed temperature; therefore, use 
of these characteristics to describe membrane performance allows for easy comparison 
of different membranes.  Another commonly used characteristic is the separation factor 
(SF) which is defined as the ratio of molar fractions in the fluids on either side of the 
membrane as shown in Equation 2.18 below where x is the molar fraction, subscript p 
denotes the permeate (low pressure) side of the membrane, subscript f denotes the feed 
(high pressure) side of the membrane and subscripts 1 and 2 denote the two components 
of the fluid mixture. 
 𝑆𝐹 = 𝑋1,𝑝 𝑋2,𝑝⁄
𝑋1,𝑓 𝑋2,𝑓⁄  (2.18) 
 The denominator of the separation factor is solely dependent on the conditions of 
the raw, untreated feed stream; however, the numerator is dependent on the operating 
conditions, particularly the permeate side total pressure, which influences the rate of 
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mass transfer through the membrane.  Despite this dependence on the system operating 
conditions, the separation factor is a popular characteristic that will also be utilized in 
this work.  For the binary mixture modeled in this work, the separation factor can be 
rewritten in such a way that its utility is more readily apparent as shown in Equation 2.19 
below.  The subscript w denotes water vapor and the subscript a denotes air with 
subscripts f and p having the same meaning as before.   
 𝑆𝐹 = 𝑁𝑤,𝑝 𝑁𝑎,𝑝⁄
𝑁𝑤,𝑓 𝑁𝑎,𝑓⁄  (2.19) 
 As described above, for a given feed air condition the denominator of the 
separation factor is set and is similar in form to the humidity ratio commonly used to 
describe moist air.  For a given feed air condition, no matter what operating conditions 
are used the separation factor describes the composition of the permeate side stream.  A 
higher separation factor indicates a higher concentration of water vapor in the permeate 
stream than air and a lower separation factor indicates a higher concentration of air in the 
permeate stream than water vapor.  As will be shown, the amount of air in the permeate 
stream has a strong effect on the efficiency of the system which in turn means that the 
separation factor is indirectly an indicator of system performance. 
 
2.4 Ideal Condenser Simulation 
The simplest model of the processing of the permeate stream assumes that all of 
the water vapor is condensed to liquid form.  Condensing the water is advantageous 
because compressing the liquid in order to reject it to the atmosphere requires much less 
energy than compressing a gas so that it can be rejected to the atmosphere.  By 
condensing the water vapor to liquid first, the mass of gas that must be compressed is 
minimized to include only the air that passes through the membrane.  The simulation 
methodology and basic results for the system assuming ideal condenser performance are 
outlined below. 
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2.4.1 Methodology 
The description below begins with the introduction of the untreated outside air 
into the membrane device and then follows the path of the mass flow through the 
system.  The simulation methodology described below for the ideal condenser 
simulation is the same as that used in the initial non-ideal simulations.  The only 
difference between the ideal and initial non-ideal simulations is the addition of a 
condenser model in place of the assumption of full condensation used in the ideal model. 
 At the inlet of the device untreated outside air is introduced on the high side of 
the membrane.  The state of this air is defined with user input dry bulb, wet bulb, 
humidity ratio and total pressure values for the desired condition.  From the humidity 
ratio value given, the molar fractions of water and air relative to the total number of 
moles (Xw,oa and Xa,oa, respectively) as well as the molar fraction of water relative to the 
molar fraction of water (Xrelw,oa) are calculated using Equations 2.20 through 2.22 below 
where Ma is the molecular weight of air and Mw is the molecular weight of water. 
 𝑋𝑤,𝑜𝑎 = 1 − 1
1+𝜔𝑜𝑎∗�
𝑀𝑎
𝑀𝑤
�
 (2.20) 
 𝑋𝑎,𝑜𝑎 = 1 − 𝑋𝑤,𝑜𝑎 (2.21) 
 𝑋𝑟𝑒𝑙𝑤,𝑜𝑎 = 𝜔𝑜𝑎 ∗ �𝑀𝑎𝑀𝑤� (2.22) 
An assumed volumetric flow rate of dry outside air given in cubic feet per minute 
(CFMoa) is also input by the user.  The volumetric flow rate is converted to a mass flow 
(Ma,oa) rate using the density of the air at the given conditions (ρoa) through the property 
lookup capabilities of the EES software and Equation 2.23 below.  The mass flow rate is 
then converted to a dry air molar flow rate (Na,oa) using the molar mass of air and 
Equation 2.24.  Then the water and total molar flow rates (Nw,oa and Noa, respectively) 
are found using the molar fractions found above and Equations 2.25 and 2.26 below.  
 𝑀𝑎,𝑜𝑎 = 𝐶𝐹𝑀𝑜𝑎∗𝜌𝑜𝑎60  (2.23) 
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 𝑁𝑎,𝑜𝑎 = 𝑀𝑎,𝑜𝑎𝑀𝑎   (2.24) 
 𝑁𝑤,𝑜𝑎 = 𝑁𝑎,𝑜𝑎 ∗ 𝑋𝑟𝑒𝑙𝑤,𝑜𝑎  (2.25) 
 𝑁𝑜𝑎 = 𝑁𝑤,𝑜𝑎 + 𝑁𝑎,𝑜𝑎  (2.26) 
The unpermeated air stream setpoint conditions are then entered by the user 
including the temperature, relative humidity and humidity ratio.  Using the same 
methodology described above, the unpermeated stream molar fraction of water (Xw,out,sp) 
and water molar flow rate (Nw,out,sp) are estimated using Equations 2.27 through 2.29 
below.  This is only an estimate since the molar fractions will vary slightly depending on 
the amount of air permeating the membrane.  Given that the total number of moles of air 
permeated is very small relative to the total air molar flow rate, the difference will be 
minor.  These values will be used in subsequent subroutines to determine operating 
parameters, primarily the total permeate side pressure.  The user also needs to input the 
total membrane area, the membrane water permeance and the membrane air permeance. 
 𝑋𝑤,𝑜𝑢𝑡,𝑠𝑝 = 1 − 1
1+𝜔𝑜𝑢𝑡,𝑠𝑝∗�𝑀𝑎𝑀𝑤�  (2.27) 
 𝑋𝑟𝑒𝑙𝑤,𝑜𝑢𝑡,𝑠𝑝 = 𝜔𝑜𝑢𝑡,𝑠𝑝 ∗ �𝑀𝑎𝑀𝑤�  (2.28) 
 𝑁𝑤,𝑜𝑢𝑡,𝑠𝑝 = 𝑁𝑎,𝑜𝑎 ∗ 𝑋𝑟𝑒𝑙𝑤,𝑜𝑢𝑡,𝑠𝑝  (2.29) 
From these parameters, the molar flow rate of water that must be removed from 
the outside air (Nw,permeate,sp) can be estimated using Equation 2.30. 
 𝑁𝑤,𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒,𝑠𝑝 = 𝑁𝑤,𝑜𝑎 − 𝑁𝑤,𝑜𝑢𝑡,𝑠𝑝 (2.30) 
Following the entering of these inputs, the simulation begins to call a series of 
subroutines which determine the operating parameters as well as model the mass transfer 
and thermodynamics of the membrane dehumidification system.  The first subroutine 
called contains the latent cooling system (or membrane dehumidification system) 
simulation equations.  The latent subroutine (named Latent) receives as inputs from the 
main program the entering total pressure and molar flow rates, the outside air conditions, 
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the total membrane area and the membrane permeance values.  A few user inputs are 
entered directly into the latent subroutine such as the number of segments the membrane 
will be broken into for analysis.   The latent routine begins by calling another routine 
(named PressSelect) which determines the optimum permeate side total pressure through 
an iterative process.  The PressSelect subroutine receives as inputs the molar flow rate of 
water that must be removed from the unpermeated stream, the total pressure, the total 
membrane area and the membrane permeance values.  The iterative process in Press 
Select begins with an assumed low value for the total pressure on the permeate side of 
the membrane (0.01 kPa).  Then, the PressSelect subroutine calls the Repeater 
subroutine discussed above to determine the overall output conditions.   
Once the subroutine Repeater has analyzed all of the segments of the membrane, 
a number of outputs are sent back to the subroutine PressSelect.  These include the water 
molar fraction on the permeate side of the membrane for each segment, the total mass 
flow rate on the permeate side of the membrane for each segment, the total output mass 
flow rate on the high pressure side of the membrane for each segment, the output water 
molar fraction on the high pressure side of the membrane for each segment and the 
parameters related to the unpermeated stream discussed above.  Using the outputs of the 
Solver subroutine, PressSelect compares the total water molar flow rate through the 
membrane to the molar flow rate of water that must be removed from the outside air 
(discussed above).  Since the PressSelect routine begins analyzing the membrane 
assuming a very low permeate side total pressure, the total water molar flow rate through 
the membrane will be greater than the setpoint until the desired pressure is selected; 
therefore, the PressSelect subroutine continues until the total water molar flow rate 
through the membrane is less than or equal to the setpoint by repeatedly calling the 
Solver subroutine and increasing the permeate side total pressure by 0.01 kPa each new 
time Solver is called.  Once the total molar flow rate through the membrane meets the 
above condition, the loop is exited and using the last pressure value minus the step of 
0.01 kPa, solver is called once again to obtain the results for the optimum pressure.  The 
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optimum pressure being the total pressure at which just enough moisture is removed to 
be at or just below the desired humidity ratio of the exiting unpermeated air. 
After the final calling of the Solver subroutine, the PressSelect subroutine is 
exited and the process returns to the Latent subroutine.  The Press Select subroutine 
sends all of the outputs of the Solver subroutine as outputs back to the Latent subroutine.  
Here the unpermeated stream water molar fraction and humidity ratio are recalculated 
for verification.  Additionally, other related parameters are calculated using Equations 
2.31 through 2.33 in order to find the separation factor (SF) for the membrane under the 
operating conditions specified using Equation 2.34.   
 𝑋𝑤,2 = 𝑁𝑤,2𝑁𝑤,2+𝑁𝑎,2 (2.31) 
 𝑋𝑎,2 = 1 − 𝑋𝑤,2 (2.32)  
 𝑋𝑎,𝑜𝑢𝑡 = 1 − 𝑋𝑤,𝑜𝑢𝑡 (2.33) 
 𝑆𝐹 = 𝑋𝑤,2 𝑋𝑎,2⁄
𝑋𝑤,𝑜𝑎 𝑋𝑎,𝑜𝑎⁄  (2.34) 
Now that the membrane mass transfer analysis is complete, the thermodynamic 
analyses of the processes subsequent to the membrane device are analyzed in the Latent 
subroutine. The current analysis assumes there is no change in temperature of the water 
or the air as it passes through the membrane.  As a result the permeate temperature is 
equal to the outside air temperature.  The next component of the system is the initial 
vacuum pump, or “compressor”.  The initial simulations assume the compressor to be 
isothermal with an assumed motor efficiency applied to the power required by the 
isothermal device.  The enthalpy values for water (hw,2) and air (ha,2) at this state point 
are found using the EES property functions for calculating the power input into the 
device. 
Before the power consumption of the compressor can be calculated, the output 
total pressure (P3) must be determined.  The output total pressure is based on the 
saturation pressure of the water vapor at a given temperature, T4.  For this analysis, a 
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water cooled condenser is assumed.  Under this assumption, the temperature T4 is found 
based on the user input for the condenser temperature difference (ΔTcond) and the outside 
air dew point temperature (Toadp) as shown below in Equation 2.35. 
 𝑇4 = 𝑇𝑜𝑎𝑑𝑝 + 𝛥𝑇𝑐𝑜𝑛𝑑 (2.35) 
The saturation pressure of water vapor at T4 (Pw,4,sat) is then found using the 
property functions of EES.  The output total pressure of the compressor is then 
calculated so that the partial pressure of the water vapor exiting the compressor is equal 
to Pw,4,sat using the molar fraction of water vapor entering the compressor as shown 
below in Equation 2.36. 
 𝑃3 = 𝑃𝑤,4,𝑠𝑎𝑡𝑋𝑤,2  (2.36) 
Now that the pressure, entropy, and molar composition are known, state point 3 
is known.  Using the property functions of EES, the water vapor and air enthalpies (hw,3 
and ha,3, respectively) at state point 3 (exiting the compressor) are found.  The power 
required to compress the air and water vapor is then found using the enthalpy values and 
Equation 2.37 below. 
 𝑊𝑐𝑜𝑚𝑝 = 𝑁𝑎,2 ∗ �ℎ𝑎,3 − ℎ𝑤,2� + 𝑁𝑤,2 ∗ (ℎ𝑤,3 − ℎ𝑤,2) (2.37) 
The pressure at state point 4 (P4) is equal to the water saturation pressure at state 
4.  Now that the pressure and temperature are known, state point 4 is known.  The 
enthalpy values for the liquid water (hw,4) and air (ha,4) at state 4 are found using the 
property functions of EES.  From this point forward, the two mass streams, liquid water 
and air, are separated and analyzed individually.  Both must be compressed up to 
atmospheric pressure in order to be rejected back into the atmosphere but two separate 
devices are used: a liquid pump and a vacuum pump.  For the water, the liquid pump is 
analyzed assuming water to be incompressible.  In order to do so, the entering molar 
specific volume (vw,4) is found using the property functions of EES.  The power required 
by the liquid pump is then found using Equation 2.38 below. 
 𝑊𝑤,𝑝𝑢𝑚𝑝 = 𝑁𝑤,𝑚,𝑡𝑜𝑡𝑎𝑙 ∗ 𝑣𝑤,4 ∗ (𝑃𝑜𝑎 − 𝑃𝑤,4) (2.38) 
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In order to find the power required to compress the air, the entropy of the air at 
state 4 is found using the property functions of EES.  Assuming constant entropy for the 
process, the enthalpy at state 4 can be found using the entropy, pressure and EES 
property function.  The work required to compress the air is then found using Equation 
2.39 below. 
 𝑊𝑎,𝑝𝑢𝑚𝑝 = 𝑁𝑎,𝑚,𝑡𝑜𝑡𝑎𝑙 ∗ (ℎ𝑎,𝑜𝑢𝑡 − ℎ𝑎,4) (2.39) 
The total power (Wlat,all) required for latent cooling is found by summing the 
power of the three components described above and dividing by the assumed simple 
efficiency (ηcomp/mot) as shown in Equation 2.40 
 𝑊𝑙𝑎𝑡 = �𝑊𝑐𝑜𝑚𝑝 + 𝑊𝑤,𝑝𝑢𝑚𝑝 + 𝑊𝑎,𝑝𝑢𝑚𝑝� 𝜂𝑐𝑜𝑚𝑝/𝑚𝑜𝑡�  (2.40) 
The total latent cooling (Coollat) is calculated using the latent heat of vaporization 
(hfg) of water at Toa and the molar flow rate of water removed from the unpermeated air 
stream.  The latent heat of vaporization of water is found using the EES property 
function.  The latent cooling effect is calculated using Equation 2.41 below. 
 𝐶𝑜𝑜𝑙𝑙𝑎𝑡 = 𝑁𝑤,2 ∗ ℎ𝑓𝑔 (2.41) 
The latent cooling system COP is then calculated using Equation 2.42 below. 
 𝐶𝑂𝑃𝑙𝑎𝑡 = 𝐶𝑜𝑜𝑙𝑙𝑎𝑡𝑊𝑙𝑎𝑡  (2.42) 
Following the calculation of the COP for the latent cooling done by the 
membrane dehumidification system, the Latent subroutine exits and the simulation 
returns the values of six variables to the main simulation: Coollat, Wlat, COPlat, P2, Nw,2, 
Na,2.  For the benefit of future system combinations, the COP is calculated once again in 
the main simulation routine using the same methodology described above. 
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2.4.2 Parametric Analysis for Materials Development 
In this parametric analysis, the membrane characteristics are set at values based 
on inputs from the materials development group and the membrane area required is 
calculated along with the COP.  Given the nature of the inputs, outputs and the 
calculations, the results are presented in tabular form. 
All of the parametric analysis discussed in this section of the report assumes 
isothermal compression where relevant, 65% combined compressor/pump and motor 
efficiency for all relevant devices, and full condensation of the permeate stream water 
vapor.  The inlet air (feed stream air) conditions and outlet air (unpermeated feed air) 
conditions are fixed for all of the following analysis and are based on the ARPA-E 
provided conditions (Inlet: 90°F/90%RH; Outlet: 55°F/50%RH).  This condition is 
characterized by the outlet humidity ratio since only latent cooling is included in this 
analysis.  Also, the feed air flow rate is calculated so that the total (sensible and latent) 
cooling effect is equal to one ton of cooling.  All of the COP results presented are for the 
latent cooling portion of the system only. 
 Based on the goals of the materials development effort and laboratory results, the 
membrane materials development team provided a range of water permeance values and 
separation factor (SF) values to investigate.  Three water permeance values were 
suggested: 4.00∙10-6 mol/Pa-m2-s, 8.00∙10-6 mol/Pa-m2-s and 1.20∙10-5 mol/Pa-m2-s.  
Four separation factor values were suggested: 20, 40, 80 and 160.  The permeate side 
total pressure plays an important role in determining the separation factor for a given set 
of membrane characteristics.  As a result a range of permeate side total pressures was 
chosen for the analysis: 0.1 kPa, 0.5 kPa, 1.0 kPa, 1.5 kPa and 2.0 kPa.  For a given 
combination of water permeance, permeate side total pressure and separation factor, the 
first step in the process was to determine the air permeance value that will yield the 
desired separation factor value through a guess and check procedure.  For reference, the 
definition of the separation factor parameter is shown below in Equation 2.43 where xw,2 
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and xa,2 are the permeate side water and air molar fractions, respectively and xw,oa and 
xa,oa are the feed air water and air molar fractions, respectively. 
 𝑆𝐹 = 𝑋𝑤,2 𝑋𝑎,2⁄
𝑋𝑤,𝑜𝑎 𝑋𝑎,𝑜𝑎⁄  (2.43) 
Once the air permeance for the given separation factor value is determined, the 
required membrane area and latent COP for the membrane characteristics and operating 
parameters are calculated.  It is worth noting once again, that the latent COP results are 
for full water vapor condensation in the condenser (i.e. an ideal condenser).   
 The modeling methodology used in this parametric study is as described in the 
previous section with the exception that now the routine which solves a system of 
equations is solving for different variables.  In particular, the area is now an output of the 
subroutine where it was a set input in the previous methodology and the water molar 
flowrate in the permeate stream (Nw,2,i) is now a given input instead of a calculated 
output of the subroutine.  The permeate water molar flow rate for each segment of the 
membrane is simply the total divided by 100 which yields a different required area for 
each segment.  These areas are then summed to obtain the total area required.  The water 
molar flowrate in the permeate stream was not included directly in any of the six original 
equations.  As a result, an additional equation (Equation 2.44) was added to those used 
in the Solver subroutine.  The equation is simply the definition of the water molar 
fraction in the permeate stream (Xw,2,i) where Ntotal,m,i is the total molar flow rate in the 
permeate stream. 
 𝑋𝑤,2,𝑖 = 𝑁𝑤,2,𝑖 𝑁𝑡𝑜𝑡𝑎𝑙,𝑚,𝑖⁄  (2.44) 
One other change of note is that now the permeate side total pressure is not 
calculated based on the desired output unpermeated air condition via the PressSelect 
subroutine.  Instead the required area changes to ensure that the desired output, or 
unpermeated, air stream condition is obtained. 
The results are presented in Appendix A with a separate table for each water 
permeance value.  The results show that for all water permeance and permeate side total 
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pressure values the required membrane area and latent COP increase as the separation 
factor increases.  Similarly, for all water permeance and separation factor values, the 
required membrane area and latent COP increase as the permeate side total pressure 
increases.  Also, for any given combination of permeate side total pressure and 
separation factor, the required membrane area decreases as the water permeance 
increases.  The latent COP does not change uniformly across water permeance values for 
a given combination of permeate side total pressure and separation factor.  In some cases 
the latent COP increases with water permeance and in other cases the latent COP 
decreases as the water permeance increases.  This behavior is likely due to the increased 
air permeance that is a result of setting the separation factor to a certain value and 
increasing the water permeance and the fact that the mass of air in the permeate stream 
has a strong influence on the energy consumption of the system. 
 
2.4.3 Theoretical Limit of Performance – No Air Mass Transfer 
For cases where both water and air mass transfer through the membrane are 
considered, no modification to the simulation is necessary; however, as a theoretical 
scenario, the case where no air mass transfer occurs across the membrane does require 
modifications to the simulation.  In principle, such modifications do not seem necessary 
since the same results should be obtainable by simply setting the air permeance value to 
zero.  In practice, this simple method causes errors when EES attempts to look up 
properties for the dry air and absolute pressures of 0 kPa are used as inputs.  To 
eliminate all errors associated with air in the permeate stream, the set of mass transfer 
equations is modified to eliminate all reference to air and all subsequent references to air 
in the Latent subroutine are deleted. The new system of equations used in the Solver 
subroutine is shown in Equations 2.45 through 2.47 below.  The variables solved for in 
this system of equations are the total outlet molar flow rate on the high pressure side 
(Ntotal,h,i), the total outlet molar flow rate on the low pressure side which is equal to the  
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water molar flow rate on the low pressure side (Nw,m,i) and the outlet molar fraction of 
water on the high pressure side (Xw,h,i). 
 𝑁𝑤,𝑚,𝑖 = 𝐴𝑚,𝑖 ∗ 𝜏𝑤 ∗ (𝑃𝑜𝑎 ∗ 𝑋𝑤,ℎ.𝑖 − 𝑃2) (2.45) 
 𝑋𝑤,ℎ,𝑖−1 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖−1 = 𝑋𝑤,ℎ,𝑖 ∗ 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖 + 𝑁𝑤,𝑚,𝑖 (2.46) 
 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖 = 𝑁𝑡𝑜𝑡𝑎𝑙,ℎ,𝑖−1 − 𝑁𝑤,𝑚,𝑖 (2.47) 
Eliminating air in the permeate stream and assuming an ideal condenser 
eliminates the need for the vacuum pump located after the condenser since there will be 
no gas to be rejected to the atmosphere at this point in the system.  The power consumed 
by the system in this case is only the power associated with the first “compressor” and 
the liquid pump.  The case analyzed here where there is assumed to be no air in the 
permeate stream assumes a perfect membrane which only allows water to pass through.  
Two values of water permeance were chosen to demonstrate the possible benefits to the 
system performance of a perfect membrane.  For this example the water permeance 
value is 6.40∙10-5 mol/s-m2-Pa.  The efficiency of the compressors/pumps and motors is 
increased to 90% to simulate further improvements in the performance of these 
components as well.  Also, the “condenser” temperature difference is reduced to 1°F to 
simulate a high performance cooling tower. 
For the results shown in Figure 2.3, the outlet condition is set and the membrane 
area required to meet this setpoint is calculated based on the permeate side total pressure 
and the membrane characteristics.  For this example, the outlet condition chosen is 50°F 
and 50% relative humidity and the feed stream inlet condition is 90°F and 90% relative 
humidity.  For a total pressure of 1 atmosphere (101.3 kPa), this corresponds to a water 
vapor partial pressure of 0.62 kPa at the outlet condition and a water vapor partial 
pressure of 4.41 kPa at the feed stream inlet condition.  In order to remove water vapor 
from the feed air stream, the partial pressure of the water vapor on the permeate side of 
the membrane must be below the water vapor partial pressure of the water vapor on the 
feed side of the membrane.  Since this example assumes there is no air in the permeate 
stream, the permeate side total pressure must be below the water vapor partial pressure 
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of the feed stream.  Since the permeate side total pressure is the same for the entire 
membrane, the permeate side total pressure must be below the water vapor partial 
pressure at the desired feed stream outlet condition which is 0.62 kPa for this case.  As 
the permeate side total pressure nears the outlet condition water vapor partial pressure, 
the required membrane area will increase asymptotically as shown in Figure 2.3 because 
the pressure differential (i.e. the driving force) for mass transfer is greatly reduced.  For 
the case with air in the permeate the required membrane area continues to increase but 
not in the same manner because the partial pressure difference of water vapor across the 
membrane is greater for the same permeate side total pressure due to the presence of the 
air in the permeate stream. 
 
Figure 2.3: Membrane area versus permeate side total pressure with and without air in permeate stream 
 The effect of the air on the efficiency of the system is shown below in Figure 2.4 
which presents the COP as a function of permeate side total pressure.  Again, in this case 
the membrane area required to obtain the desired leaving condition is calculated.  For the 
case with no air, as the permeate side total pressure increases (and the required 
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membrane area increases) the system efficiency increases dramatically.  Recall that for 
this case the only energy consumed to operate the system is the energy associated with 
the first compressor and the liquid pump since an ideal condenser is consumed; 
therefore, as the permeate side total pressure increases the pressure rise across the first 
compressor where the water is still in vapor form is decreased as well.  Reducing the 
pressure rise required across the pump reduces the energy consumption of the pump and 
increases the efficiency of the system.  Following the condenser where all of the water is 
assumed to condense to liquid form, the liquid pump raises the pressure of the liquid 
water so that it can be rejected to atmosphere.  The energy required to reject the liquid 
water is much less per unit mass than the energy required to compress the water vapor.  
For the case with no air, once the permeate side total pressure is greater than the partial 
pressure of the water vapor on the feed side for the desired outlet condition the system is 
no longer capable of meeting the setpoint but is still capable of removing some moisture 
from the air.  Even if the setpoint is not met, there is still some energy consumption 
associated with this reduced level of cooling but it will be greatly reduced since the 
pressure rise across the first compressor will be very small (or zero) and only the liquid 
water pump will be required under the idealized operating conditions. 
 For the case with air presented in Figure 2.4, the COP does not continue to 
increase at all permeate side total pressures as it does for the case with no air.  As the 
permeate side total pressure continues to increase so does the required membrane area.  
Unlike the case with no air, the system is capable of meeting the desired outlet condition 
at a permeate side total pressure above the water vapor pressure of the feed stream at the 
desired outlet condition due to the presence of the air in the permeate.  Even as the 
required membrane area continues to increase along with the permeate side total 
pressure, as long as the inlet and outlet conditions on the feed side are the same the 
amount of water vapor in the permeate will be the same.  The same is not true of the 
amount of air in the permeate stream.  As the permeate side total pressure increases, the 
partial pressure difference of the air across the membrane remains nearly constant at 
around 100 kPa plus or minus a few kPa.  Since the partial pressure difference is 
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relatively unchanged, as the membrane area increases the mass of air in the permeate 
stream will also increase.  Since none of the air is condensed, all of the air in the 
permeate stream must be compressed in gaseous form from the lowest permeate side 
pressure to atmospheric pressure.  This compression is very energy intensive when 
compared to the energy required to reject the liquid water.  As the energy consumption 
associated with the air in the permeate increases the performance of the system decreases 
as shown in Figure 2.4. 
 
Figure 2.4: Latent system COP versus permeate side total pressure with and without air in permeate 
stream 
 
2.5 Single Component Condenser Simulation 
To test the upper limit of the condenser performance, a model was developed 
which is not the full idealized case where all of the water vapor is assumed to condense 
and is also not the real case where a water vapor and air mixture enter the condenser.  A 
test case has been devised where the air and water vapor are assumed to separate prior to 
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entering the condenser.  Given the large effect that even a small amount of 
noncondensable gas can have on the heat transfer in the real condenser model this test 
case will explore the limits of the condenser performance assuming a realistic cooling 
water temperature obtainable from a real cooling tower.  This allows for the condenser to 
deal with a single component (i.e. water vapor) which will presumably increase the 
amount of water vapor condensed as compared to the real condenser model with the air 
included in the condenser.  A general correlation by Shah [37] was selected for use in 
modeling the single component condenser. 
 
2.5.1 Methodology 
As described above, one of the main limitations of the effectiveness of the 
condenser is the entering cooling water temperature.  If an ideal cooling tower is 
assumed, the entering cooling water temperature will be equal to the ambient wet bulb 
temperature; however, for a real cooling tower, the minimum entering cooling water 
temperature will likely be between 5°F and 10°F greater than ambient wet bulb 
temperature.  This difference in temperature between the ambient wet bulb temperature 
and the temperature of the cool water leaving the cooling tower is known as the cooling 
tower approach.  To explore the limits for a real condenser where all of the water is not 
assumed to condense to liquid form at the exit, a scenario where the air and water vapor 
are separated before entering the condenser is considered.  In this case the air simply 
bypasses the condenser and is mixed with the water vapor again before entering the 
vacuum pump.  Given the large effect that even a small amount of noncondensable gas 
can have on the heat transfer in the real condenser model this test case will explore the 
limits of the condenser performance in real ambient conditions.  This allows for the 
condenser to deal with a single component (i.e. water vapor) which will presumably 
increase the amount of water vapor condensed as compared to the real condenser model 
with the air included in the condenser.  Thus, the realistic limit of the water vapor 
condensation rate will be obtained. 
 
 
56 
 
The single component analysis described below is based on the work of Shah 
[37] which provides a simple correlation for condensation inside pipes which is 
applicable over a wide range of operating conditions. For this condenser setup, a 
counterflow concentric cylinder arrangement will be considered where the water vapor 
flows inside the inner cylinder and the cooling water flows in the annulus between the 
two cylinders.  Some important user inputs for the analysis of the condenser are the tube 
length, the number of tubes in the condenser and the diameter of the tubes. 
The subroutine Element performs most of the calculations described in the paper 
by Shah for determining the heat transfer coefficient and the output conditions of each 
segment of the tube for the case in question.  The subroutine Tube repeatedly calls the 
subroutine Element for each segment of the condenser tube and passes the relevant 
inputs and outputs between the segments until all 10 segments have been analyzed.  One 
difference here is that there is no iterative procedure associated with the original method 
outlined by Shah as is the case with the Colburn & Hougen film method.  Then, the 
subroutine NcwSelect performs a guess and check calculation to determine the 
appropriate value of the cooling water exit temperature by repeatedly calling the Tube 
subroutine until a user input limit is met.  Finally, the subroutine SCCondenser is where 
the user must provide some inputs such as the cooling tower approach and the cooling 
water flowrate.  The SCCondenser subroutine is called by the Latent subroutine where 
appropriate to simulate the single component condenser. 
The Element subroutine receives as inputs the inlet cooling water temperature 
(Tcw), the inlet water vapor temperature (Tgas), the cooling water molar flowrate (Ncw), 
the total molar flowrate in the two phase region (Nwin), the inlet water vapor gas fraction 
(Xin), the inlet total pressure (Pt) and the total tube length (L).  The diameter of the inner 
(di) and outer (do) tube and the thickness (t) of the inner tube are entered directly into the 
Element subroutine since this is the only subroutine where they are required.   
The Shah method provides a simple heat transfer coefficient for the two phase 
flow region inside the inner tube.  This correlation is then combined with correlations for 
the heat transfer coefficients for the inner tube material and the heat transfer coefficient 
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for the cooling water flowing in the annulus.  From the these three coefficients, it is 
possible to obtain a total, or overall, heat transfer coefficient which describes the 
resistance to heat transfer from the condenser water bulk flow to the water vapor bulk 
flow. 
The Shah method begins with the calculation of the heat transfer coefficient for 
the two phase flow region in the inner tube.  The correlation provided takes the Dittus-
Boelter equation for calculating the heat transfer coefficient assuming all of the mass is 
flowing as liquid and modifying it with an additional term.  The Dittus_Boelter equation 
heat transfer coefficient (hL) is calculated using Equation 2.48 below where ReL is the 
Reynolds number assuming all of the mass is flowing as liquid, Prl is the Prandtl number 
of the liquid water and kl is the thermal conductivity of the liquid water. 
 ℎ𝐿 = 0.023 ∙ 𝑅𝑒𝐿0.8 ∙ 𝑃𝑟𝑙0.4 ∙ 𝑘𝑙 𝑑𝑖⁄  (2.48) 
 Once the Dittus-Boelter heat transfer coefficient is found, it is applied to the 
correlation provided by Shah for the two phase region heat transfer coefficient (hTP) 
given in Equation 2.49 below.  The Shah correlation utilizes the inlet molar fraction of 
vapor (xin) and the reduced pressure defined in Equation 2.50 where pc is the critical 
pressure and p is the pressure of the fluid in the inner tube. 
 ℎ𝑇𝑃 = ℎ𝐿 �(1 − 𝑥𝑖𝑛)0.8 + 3.8∙𝑥𝑖𝑛0.76∙(1−𝑥𝑖𝑛)0.04𝑝𝑟0.38 � (2.49) 
 𝑝𝑟 = 𝑝𝑝𝑐 (2.50) 
Next, the heat transfer coefficient for the tube wall (hw) is calculated using 
Equation 2.51 below where kw is the thermal conductivity of the tube wall material 
which is assumed to be copper for the example. 
 ℎ𝑤 = 𝑘𝑤 𝑡⁄  (2.51) 
The final heat transfer coefficient required is for the cooling water flowing in the 
annulus.  The Shah paper does not provide this correlation since the focus of that work 
was on the two phase flow region.  The correlation used is taken from the textbook by 
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Mills [34].  First, the basic correlation is given below in Equation 2.52 where NuD is the 
Nusselt number for the internal flow, ReD is the Reynolds number for the internal flow, 
Pr is the Prandtl number and f is the friction factor for the pipe under consideration. 
 𝑁𝑢𝐷 = (𝑓 8)⁄ (𝑅𝑒𝐷−1,000)𝑃𝑟1+12.7(𝑓 8⁄ )0.5(𝑃𝑟−1) (2.52) 
 The friction factor is found using the formula for a smooth wall found in Mills 
[34] given in Equation 2.53 below where ReD is once again the Reynolds number for the 
internal flow. 
 𝑓 = (0.790 ∙ ln𝑅𝑒𝐷 − 1.64)−2 (2.53) 
The basic correlation is then modified as shown below in Equation 2.54 to 
account for the annular shape of the flow region. 
 𝑁𝑢𝐷 = � (𝑓 8)⁄ (𝑅𝑒𝐷−1,000)𝑃𝑟1+12.7(𝑓 8⁄ )0.5(𝑃𝑟−1)�0.86 �𝑑𝑖𝑑𝑜�−0.16 (2.54) 
Once the Nusselt number is obtained from Equation 2.54, the heat transfer 
coefficient can be obtained using the definition of the Nusselt number shown in Equation 
2.55 below where Dh is the hydraulic diameter for the annulus which is simply the 
difference between the diameters of the two tubes (do-di), kcw is the thermal conductivity 
of the cooling water and hcw is the heat transfer coefficient. 
 𝑁𝑢𝐷 = ℎ𝑐𝑤∙𝐷ℎ𝑘𝑐𝑤  (2.55) 
Now that all three of the necessary heat transfer coefficients have been found, the 
overall heat transfer coefficient (ho) can be calculated using Equation 2.56 below. 
 ℎ𝑜 = 1 �� 1ℎ𝑇𝑃� + � 1ℎ𝑤� + � 1ℎ𝑐𝑤���  (2.56) 
Before utilizing the overall heat transfer coefficient, the area associated with the 
overall heat transfer must be calculated.  Since the overall heat transfer coefficient 
describes the resistance to heat transfer from the bulk two phase flow to the bulk cooling 
water flow, the diameter of the inner tube will be used to find the area as shown in 
Equation 2.57.  For this analysis, the tube is broken into 10 equal segments and the 
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length of the tube in each segment is simply the total length (L) divided by the number 
of segments (10).   
 𝐴𝑛 = 𝜋∙𝑑𝑖∙𝐿10  (2.57) 
The temperature of the cooling water leaving the segment (Tcwnext) is calculated 
using Equation 2.58 below. 
 𝑇𝑐𝑤𝑛𝑒𝑥𝑡 = �ℎ𝑜∙𝐴𝑛∙𝑇𝑔𝑎𝑠−𝑁𝑐𝑤∙𝑐𝑝,𝑐𝑤∙𝑇𝑐𝑤��ℎ𝑜∙𝐴𝑛−𝑁𝑐𝑤∙𝑐𝑝,𝑐𝑤�  (2.58) 
The total heat transfer for the segment (QT,n) is then calculated using Equation 
2.59 below where Tcw,avg is the average temperature of the cooling water in the segment 
and Tgas,sat is the saturation temperature of the water vapor in the inner tube. 
 𝑄𝑇,𝑛 = ℎ𝑜 ∙ 𝐴𝑛 ∙ �𝑇𝑔𝑎𝑠,𝑠𝑎𝑡 − 𝑇𝑐𝑤,𝑎𝑣𝑔� (2.59) 
After calculating the total heat transfer, the Element subroutine returns numerous 
outputs to the Tube subroutine including the total heat transfer (QT), the overall heat 
transfer coefficient (ho) and the temperature of the cooling water leaving the segment 
(Tcwnext).  The Tube subroutine stores these values and calculates the molar fraction of 
vapor in the two phase flow region for the next segment (Xw,n+1) using Equation 2.60 
below where hfg is the latent heat of vaporization of water vapor. 
 𝑋𝑤.𝑛+1 = 𝑋𝑤,𝑛 − 𝑄𝑇,𝑛𝑁𝑤,𝑖𝑛∙ℎ𝑓𝑔 (2.60) 
Using the new molar fraction of vapor found in Equation 2.60 and other relevant 
outputs from one segment, the Tube subroutine repeatedly calls the Element subroutine 
until the calculations in the Element subroutine have been performed for all 10 
segments.  The Tube subroutine returns as outputs to the NcwSelect subroutine the 
molar fraction of vapor, the cooling water exiting temperature, and the total heat transfer 
for all of the segments. 
The NcwSelect subroutine receives as inputs a number of variables including the 
initial guess value for the total cooling water flow rate for all tubes (Ncwall), the inlet 
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cooling water temperature setpoint (Tcwin), the cooling water exit temperature guess 
(Tcwoutguess), the inlet water vapor molar fraction (Xin), the total pressure at the condenser 
inlet (Pt), the entering gas temperature (Tgas) and the total two phase region molar flow 
rate for all tubes (Nwinall).  The user also inputs the number of tubes (NumTubes) to be 
simulated at the beginning of the NcwSelect subroutine. 
If the cooling water inlet temperature is less than the entering gas temperature 
then the subroutine calls the Tube subroutine to analyze the condenser under the given 
conditions.  Under some conditions, the assumed tower approach temperature causes the 
inlet cooling water temperature to be greater than the inlet gas temperature.  Under these 
conditions, it is assumed that the condenser would not be operated since no water would 
be able to condense to liquid form; therefore, the outlet conditions are the same as the 
inlet conditions and the simulation returns to the subroutine that called NcwSelect.   
When the condenser is simulated, the cooling water flowrate per tube and the 
water vapor flow rate per tube are calculated before calling the Tube subroutine.  This is 
accomplished by simply dividing the total flowrates received as inputs by the number of 
tubes.  Then, the flowrate per tube values are used as inputs for the Tube subroutine 
which simulates the performance of a single tube only.  Given the counterflow 
arrangement of the condenser, the assumed outlet cooling water temperature is used to 
simulate the condenser and then the cooling water temperature at the end of the last 
segment is compared to the inlet cooling water temperature setpoint.  If the difference 
between the calculated value and the setpoint is not less than a user defined tolerance 
limit, the cooling water outlet temperature guess value is either increased or decreased as 
necessary to lead to convergence.   
Once convergence is obtained the NcwSelect subroutine passes numerous values 
to the SCCondenser subroutine as outputs including the molar fraction of vapor at the 
condenser outlet (Xout), the actual cooling water outlet temperature (Tcwoutactual) and the 
heat transfer for each element (QT,n). 
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The SCCondenser subroutine receives the entering total molar flow rate of water 
vapor (Nwinall) and the inlet total pressure (Pt) as inputs.  The user must input the total 
cooling water flowrate (Ncwall), the cooling tower approach temperature (A) and the 
initial cooling water exit temperature guess (Tcwoutguess).  Then using these values, the 
subroutine calls the NcwSelect subroutine to simulate the condenser.  The outputs of the 
NcwSelect subroutine are used to calculate the total heat transfer for all tubes (Qtotal,all) 
using Equation 2.61 and the flowrate of the liquid water condensate flowrate for all of 
the tubes (Nliq) using Equation 2.62. 
 𝑄𝑡𝑜𝑡𝑎𝑙,𝑎𝑙𝑙 = 𝑁𝑢𝑚𝑇𝑢𝑏𝑒𝑠 ∙ ∑ 𝑄𝑇,𝑛10𝑛=1  (2.61) 
 𝑁𝑙𝑖𝑞 = (1 − 𝑋𝑜𝑢𝑡) ∙ 𝑁𝑤𝑖𝑛𝑎𝑙𝑙 (2.62) 
The output of the SCCondenser subroutine that is returned to the Latent 
subroutine includes only the outlet molar fraction of vapor (Xout).  From this output, the 
Latent subroutine calculates the condensate flow rate and the new air and water molar 
fractions after the condenser.  From this point forward the Latent subroutine is the same 
as described below for the single stage Colburn & Hougen based analysis of the real 
condenser; therefore, a detailed description is not included here. 
 
2.5.2 Superheated Mixture Single Component Condenser Model Methodology 
For the methodology described above, it is assumed that the fluid entering the 
condenser is saturated.  In order to simulate superheated vapors entering the single 
component condenser, the model was modified so that the heat transfer in the condenser 
is broken into two separate sections: first, sensible only desuperheating of the water 
vapor down to the saturation temperature for the given pressure followed by latent 
cooling, or condensation, of the water vapor in the remaining tube length.  For the 
desuperheating portion of the condenser, the correlation shown in Equation 2.54 above 
(without the correction for the annular flow geometry) for heat transfer in pipes was used 
to determine the heat transfer coefficient.  For simplicity, the condenser was modeled as 
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an ideal constant pressure device; therefore, once the temperature of the water vapor 
reaches the saturation temperature at the given pressure (which is the entering pressure), 
the Shah correlation is used for the remainder of the condenser length. 
 
2.5.3 Single Component Condenser Simulation Results 
In the parametric analysis based on the ideal condenser model the cooling water 
entering temperature was assumed to be equal to the ambient wet bulb temperature.  This 
ideal condition leads to results that are not obtainable if a real cooling tower is 
considered.  Four combinations of water permeance, air permeance and membrane area 
were chosen for operational analysis using Houston, TX bin weather data with a single 
component condenser with varying approach temperatures.  First, the results for the ideal 
condenser case where all of the water vapor is assumed to condense into liquid form are 
presented for comparison.  The single component condenser is modeled with an 
approach temperature of 0°F (i.e. the temperature of the cooling water entering the 
condenser is equal to the ambient wet bulb temperature), 5°F and 10°F.  Additionally, 
the percent of the water vapor entering the condenser that is condensed is presented in 
graphical form. 
The ARPA-E specified design inlet and unpermeated air outlet stream conditions 
(Inlet: 90°F/90%RH; Outlet: 55°F/50%RH) are also analyzed using the single 
component condenser simulation.  For the inlet air condition, the dry bulb temperature is 
less than 5°F greater than the wet bulb temperature (87.3°F); therefore, only the ideal 
simulation and the simulation with a cooling tower approach temperature of 0°F are 
analyzed.  For the other cases, the entering cooling water temperature is greater than the 
entering gas temperature in the condenser and no condensation will occur.  Due to the 
decrease in the desired outlet humidity ratio, much more water vapor must be removed 
from the feed air stream and the membrane areas have been increased by a factor of 3 for 
all ARPA-E condition cases in order to meet this new setpoint. 
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The first set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s and 
an air permeance of 5.33∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The results 
for these membrane characteristics are shown below in Table 2.1.  For these membrane 
characteristics, the annual average COP for the case with an approach temperature of 
0°F is 21.4% less than the COP for the ideal condenser.  The results for the two cases 
with approach temperatures of 5°F and 10°F show the COP decreases even further when 
real approach temperatures are considered. 
Table 2.1: Single component condenser results for first set of membrane characteristics 
Bin Temp 
Ideal Approach=0 Approach=5 Approach=10 
COP COP %Diff COP %Diff COP %Diff 
ARPA-E 2.28 1.52 33.2% -- -- -- -- 
102 1.91 1.91 0.00% 1.90 0.20% 1.84 3.30% 
97 2.01 1.99 0.90% 1.90 5.40% 1.73 13.8% 
92 1.98 1.87 5.70% 1.70 14.1% 1.48 25.5% 
87 2.12 1.90 10.5% 1.66 21.9% 1.38 34.9% 
82 2.25 1.85 17.5% 1.54 31.4% 1.36 39.4% 
77 2.36 1.73 26.9% 1.38 41.5% 1.38 41.5% 
72 2.42 1.69 29.9% 1.38 42.9% 1.38 42.9% 
67 2.02 1.51 24.9% 1.22 39.3% 1.22 39.3% 
62 1.12 0.97 13.0% 0.82 27.1% 0.82 27.1% 
Annual Avg. 2.20 1.73 21.4% 1.43 35.1% 1.35 38.5% 
 
The second set of simulations uses a water permeance of 1.20∙10-5 mol/Pa-m2-s 
and an air permeance of 1.20∙10-7 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these membrane characteristics are shown below in Table 2.2.  For these 
membrane characteristics, the annual average COP for the case with an approach 
temperature of 0°F is 17.4% less than the COP for the ideal condenser.  Again, the 
results for the two cases with approach temperatures of 5°F and 10°F show the COP 
decreases even further when real approach temperatures are considered. 
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Table 2.2: Single component condenser results for second set of membrane characteristics 
Bin Temp 
Ideal Approach=0 Approach=5 Approach=10 
COP COP %Diff COP %Diff COP %Diff 
ARPA-E 1.81 1.30 28.2% -- -- -- -- 
102 1.41 1.41 0.00% 1.40 0.20% 1.4 2.50% 
97 1.66 1.65 0.80% 1.59 4.6% 1.5 11.7% 
92 1.82 1.72 5.20% 1.58 13.2% 1.4 23.8% 
87 1.84 1.67 9.20% 1.48 19.5% 1.3 31.7% 
82 1.86 1.58 15.0% 1.35 27.5% 1.2 35.0% 
77 1.88 1.46 22.6% 1.20 36.1% 1.2 36.1% 
72 1.69 1.30 23.0% 1.11 34.4% 1.1 34.4% 
67 1.26 1.05 17.2% 0.90 28.9% 0.9 28.9% 
62 0.71 0.65 8.70% 0.57 19.1% 0.6 19.1% 
Annual Avg. 1.70 1.40 17.4% 1.20 29.4% 1.1 32.6% 
 
The third set of simulations uses a water permeance of 4.00∙10-6 mol/Pa-m2-s and 
an air permeance of 1.00∙10-8 mol/Pa-m2-s with a membrane area of 4.0 m2.  The results 
for these membrane characteristics are shown below in Table 2.3.  For these membrane 
characteristics, the annual average COP for the case with an approach temperature of 
0°F is 29.4% less than the COP for the ideal condenser.  Again, the results for the two 
cases with approach temperatures of 5°F and 10°F show the COP decreases even further 
when real approach temperatures are considered. 
The fourth set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s 
and an air permeance of 2.00∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these membrane characteristics are shown below in Table 2.4.  For these 
membrane characteristics, the annual average COP for the case with an approach 
temperature of 0°F is 29.4% less than the COP for the ideal condenser.  Again, the 
results for the two cases with approach temperatures of 5°F and 10°F show the COP 
decreases even further when real approach temperatures are considered.  It is worth 
noting the results shown in Table 2.3 and Table 2.4 are identical for all conditions 
considered.  This is due to the factor of two difference between all of the relevant 
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parameters (factor of 2 increase in permeance values and factor of 2 decrease in 
membrane area) which yields the same results but shows the tradeoff between membrane 
properties and required membrane area.  
Table 2.3: Single component condenser results for third set of membrane characteristics 
Bin Temp 
Ideal Approach=0 Approach=5 Approach=10 
COP COP %Diff COP %Diff COP %Diff 
ARPA-E 3.21 1.89 41.1% -- -- -- -- 
102 2.83 2.83 0.00% 2.82 0.30% 2.69 4.90% 
97 2.82 2.78 1.40% 2.61 7.50% 2.31 18.3% 
92 2.71 2.51 7.60% 2.21 18.4% 1.85 31.8% 
87 2.98 2.56 14.1% 2.14 28.3% 1.70 43.0% 
82 3.26 2.49 23.6% 1.96 39.9% 1.68 48.5% 
77 3.54 2.28 35.5% 1.72 51.5% 1.72 51.5% 
72 3.99 2.34 41.3% 1.78 55.3% 1.78 55.3% 
67 3.74 2.32 38.1% 1.70 54.6% 1.70 54.6% 
62 2.16 1.67 22.5% 1.26 41.8% 1.26 41.8% 
Annual Avg. 3.36 2.37 29.4% 1.84 45.2% 1.72 48.9% 
 
Table 2.4: Single component condenser results for fourth set of membrane characteristics 
Bin Temp 
Ideal Approach=0 Approach=5 Approach=10 
COP COP %Diff COP %Diff COP %Diff 
ARPA-E 3.21 1.89 41.1% -- -- -- -- 
102 2.83 2.83 0.00% 2.82 0.30% 2.69 4.90% 
97 2.82 2.78 1.40% 2.61 7.50% 2.31 18.3% 
92 2.71 2.51 7.60% 2.21 18.4% 1.85 31.8% 
87 2.98 2.56 14.1% 2.14 28.3% 1.70 43.0% 
82 3.26 2.49 23.6% 1.96 39.9% 1.68 48.5% 
77 3.54 2.28 35.5% 1.72 51.5% 1.72 51.5% 
72 3.99 2.34 41.3% 1.78 55.3% 1.78 55.3% 
67 3.74 2.32 38.1% 1.70 54.6% 1.70 54.6% 
62 2.16 1.67 22.5% 1.26 41.8% 1.26 41.8% 
Annual Avg. 3.36 2.37 29.4% 1.84 45.2% 1.72 48.9% 
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On additional set of membrane characteristics was also considered to explore the 
effects of further reducing the air permeance by an order of magnitude. The fifth set of 
simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s and an air permeance of 
2.00∙10-9 mol/Pa-m2-s with a membrane area of 2.0 m2.  The results for these membrane 
characteristics are shown below in Table 2.5.  For these membrane characteristics, the 
annual average COP for the case with an approach temperature of 0°F is 39.5% less than 
the COP for the ideal condenser.  Again, the results for the two cases with approach 
temperatures of 5°F and 10°F show the COP decreases even further when real approach 
temperatures are considered.  For this set of membrane conditions where the air 
permeance has been substantially reduced relative to the water permeance, the annual 
average COP values are 20-30% greater than for the other membrane characteristic sets.  
This result shows the impact the amount of air in the permeate stream has on the 
performance of the system. 
Table 2.5: Single component condenser results for fifth set of membrane characteristics 
Bin Temp 
Ideal Approach=0 Approach=5 Approach=10 
COP COP %Diff COP %Diff COP %Diff 
ARPA-E 4.38 2.24 48.8% -- -- -- -- 
102 4.24 4.24 0.00% 4.22 0.50% 3.93 7.10% 
97 3.88 3.81 1.90% 3.49 10.0% 2.97 23.5% 
92 3.58 3.23 9.80% 2.76 22.9% 2.22 38.1% 
87 4.08 3.33 18.4% 2.65 35.1% 2.01 50.8% 
82 4.63 3.22 30.5% 2.38 48.6% 1.98 57.3% 
77 5.28 2.90 45.1% 2.04 61.3% 2.04 61.3% 
72 7.21 3.17 56.0% 2.23 69.1% 2.23 69.1% 
67 9.89 3.77 61.9% 2.37 76.1% 2.37 76.1% 
62 9.60 4.19 56.4% 2.29 76.1% 2.29 76.1% 
Annual Avg. 5.26 3.18 39.5% 2.29 56.4% 2.10 60.0% 
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Given that the water and air are assumed separated prior to entering the 
condenser, changing the air permeance has no effect on the percent of water condensed.  
Further, in order to obtain the same outlet unpermeated stream condition the flowrate of 
water entering the condenser will be the same for all membrane characteristics.  Given 
that the calculated pressure of the water vapor entering the condenser is a function of 
temperature only, the entering pressure of the water vapor will be the same for the same 
ambient conditions.  In other words, for all membrane characteristics the percent of 
water vapor that is condensed in the condenser will not change.  The results for the 
percent of the water vapor condensed are presented below in Figure 2.5. 
 
 
Figure 2.5: Percent of water vapor condensed for all single component condenser simulations 
 
2.6 Initial Multi-Component Condenser Simulation 
The Colburn & Hougen design model is based on the film method commonly 
used in the analysis of condensers with a vapor and a noncondensable gas.  In its original 
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form it is a trial and error procedure which equates the heat transferred through the 
condensate, the tube wall, and the cooling water film to the sum of the sensible heat 
transferred by cooling the uncondensed gas and the latent heat from the amount of vapor 
transferred by diffusion.  Given the nature of this calculation, implementing this 
methodology in a computer simulation using EES requires an iterative solution 
procedure.  Additionally, one of the outputs of the Colburn & Hougen procedure is the 
total heat transfer area required to obtain a given output condition for the fluid stream.  
In order to analyze a given device (i.e. a device with a set heat transfer area) under 
different operating conditions, the full Colburn & Hougen procedure is carried out in an 
iterative procedure that guesses the output conditions of the non-condensed gas and 
checks the total area required to obtain those conditions until the results match the area 
of the proposed device.  Similarly, the cooling water flow rate is assumed in the Colburn 
& Hougen device and the change in temperature is calculated.  Given the small 
temperature difference between the dry-bulb temperature which is the temperature of the 
gas entering the condenser, and the wet bulb temperature which is the low limit for the 
temperature of the cooling water entering the condenser if a water cooled condenser is 
used, the temperature change of the cooling water is a limiting factor in this analysis.  As 
a result, the EES model procedure developed utilizes a set temperature difference for the 
cooling water and a variable cooling water flow rate which must be guessed and checked 
as well.  A description of the implementation of this method in EES is below. 
 
2.6.1 Methodology 
In the initial EES simulation developed, the Colburn & Hougen methodology is 
implemented using three subroutines: CH_Interval, Repeater2, and TempSelect.  The 
first subroutine (CH_Interval) implements the bulk of the Colburn & Hougen 
methodology for each segment of the condenser and Repeater2 runs the CH_interval 
subroutine for each segment by calculating the inputs for each segment from the outputs 
of the previous segment and conducting the guess & check portion of the original design 
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methodology.  The subroutine TempSelect is where most of the adaptation of the 
Colburn & Hougen design methodology into an operational analysis procedure takes 
place via iterative solutions for the condenser area and cooling water temperature 
difference. 
The calculations in the CH_Interval subroutine are conducted in IP units because 
some of the equations used in the original methodology are unique to the IP unit system.  
As a result, the subroutine begins by using the EES property functions to look up some 
required values and subsequently convert the property values into IP units.  CH_Interval 
receives many parameters as inputs for each segment including the temperature of the 
gas mixture exiting the previous segment (Tigasprev), the exiting temperature of the gas 
and vapor mixture (Tgint), the inlet cooling water temperature (Tcwint), the condensate and 
gas interface temperature (Tc), the inlet air molar flow rate (Niair), the inlet steam molar 
flowrate (Nistm), the inlet cooling water flow rate (Ncw) and the inlet total pressure (Pi).  
First, the molar fraction of water and air and the partial pressures of water and air exiting 
the condenser are calculated.  This is accomplished by assuming that the water vapor 
exiting the segment is saturated at the given gas exit temperature.  The saturation 
pressure, which in this case is the partial pressure of the water vapor, is then found using 
the property functions of EES.  The partial pressure of the air in the gas mixture (Pairint) 
is then found using the partial pressure of the water vapor (Pstmint) using Equation 2.63 
below. 
 𝑃𝑎𝑖𝑟𝑖𝑛𝑡 = 𝑃𝑖 − 𝑃𝑠𝑡𝑚𝑖𝑛𝑡 (2.63) 
Subsequently, the molar fractions of air (Xairint) and water vapor (Xstmint) are 
calculated using Equation 2.64 and Equation 2.65 below. 
 𝑋𝑠𝑡𝑚𝑖𝑛𝑡 = 𝑃𝑠𝑡𝑚𝑖𝑛𝑡𝑃𝑖  (2.64) 
 𝑋𝑎𝑖𝑟𝑖𝑛𝑡 = 1 − 𝑋𝑠𝑡𝑚𝑖𝑛𝑡 (2.65) 
Using the molar fractions, the molar flow rate of water vapor leaving the segment 
(Nstminterval) is calculated in order to calculate the molar flow rate of liquid water 
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condensate leaving the segment (Nwatinterval).  Equation 2.66 below is used to find the 
water vapor leaving flowrate and Equation 2.67 is used to calculate the condensate 
leaving flowrate. 
 𝑁𝑠𝑡𝑚𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑁𝑖𝑎𝑖𝑟 ∙ 𝑋𝑠𝑡𝑚𝑖𝑛𝑡𝑋𝑎𝑖𝑟𝑖𝑛𝑡  (2.66) 
 𝑁𝑤𝑎𝑡𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑁𝑖𝑠𝑡𝑚 − 𝑁𝑠𝑡𝑚𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (2.67) 
Next, property values are found using the EES property functions for the heat of 
vaporization (hfgint) of steam at the entering temperature and the constant pressure 
specific heat for both air (cp,aint) and steam (cp,stmint) at the entering gas temperature and 
their respective partial pressures.  Using this property data and the flow rates found 
above, the magnitude of the heat transfer for this segment is calculated using the 
equations below (Equations 2.68 through 2.71) where Qcondinterval is the heat transfer due 
to condensation of water vapor, Qairinterval is the sensible heat removed from the air, 
Qstminterval is the sensible heat removed from the water vapor not condensed and Qinterval is 
the total heat transfer for the segment. 
 𝑄𝑐𝑜𝑛𝑑𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑁𝑤𝑎𝑡𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 ∙ ℎ𝑓𝑔𝑖𝑛𝑡 (2.68) 
 𝑄𝑎𝑖𝑟𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑁𝑖𝑎𝑖𝑟 ∙ 𝑐𝑝,𝑎𝑖𝑛𝑡 ∙ (𝑇𝑖𝑔𝑎𝑠𝑝𝑟𝑒𝑣 − 𝑇𝑔𝑖𝑛𝑡) (2.69) 
 𝑄𝑠𝑡𝑚𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑁𝑠𝑡𝑚𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 ∙ 𝑐𝑝,𝑠𝑡𝑚𝑖𝑛𝑡 ∙ (𝑇𝑖𝑔𝑎𝑠𝑝𝑟𝑒𝑣 − 𝑇𝑔𝑖𝑛𝑡) (2.70) 
 𝑄𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑄𝑐𝑜𝑛𝑑𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 + 𝑄𝑎𝑖𝑟𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 + 𝑄𝑠𝑡𝑚𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 (2.71) 
Next, the constant pressure specific heat for the cooling water (cp,cwint) is found 
using the property functions of EES.  The actual temperature difference of the cooling 
water from segment inlet to outlet (∆Tcw) is then calculated using Equation 2.72 below. 
 ∆𝑇𝑐𝑤 = 𝑄𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑁𝑐𝑤∙𝑐𝑝,𝑐𝑤𝑖𝑛𝑡 (2.72) 
For the initial simulations, the heat transfer coefficients used in the example 
presented in the original paper were used.  Once the comparison was complete, the 
values were reexamined and found to be sufficient as initial simulation conditions for the 
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condenser problem of interest.  These coefficients and the values used in the simulation 
are summarized in Table 2.6 below. 
Table 2.6: Heat transfer coefficients for Colburn & Hougen method 
Coefficient Symbol Value Used (Pcu/h-ft2-C) 
Condensate film hcpcu 2,000 
Metal pipe hppcu 12,000 
Dirt and scale film hdpcu 700 
Cooling water film hwpcu 1,210 
 
The combined coefficient (hopcu) from all of the above components is found using 
Equation 2.73 below.  This combined coefficient represents the heat transfer from the 
bulk flow of the cooling, through the dirt and scale on the pipes, the pipe wall and the 
condensate water film thickness. 
 ℎ𝑜𝑝𝑐𝑢 = 11
ℎ𝑐𝑝𝑐𝑢�
+1 ℎ𝑝𝑝𝑐𝑢�
+1 ℎ𝑑𝑝𝑐𝑢�
+1 ℎ𝑤𝑝𝑐𝑢�
  (2.73) 
The next set of parameters to consider describes the heat transfer from the bulk 
flow of the gases to the condensate film interface.  The two components that describe 
this process are the heat transfer coefficient for the gas film (hs) and the diffusion rate of 
the vapor molecules through the gas film (K).  In order to calculate both of these 
parameters, the mass flux (G) of the gas mixture must first be calculated as shown in 
Equation 2.74 below where Mgasinterval is the mass flowrate of the bulk gas mixture and 
Aminfree is the minimum free cross sectional area for the bulk gas mixture path. 
 𝐺 = 𝑀𝑔𝑎𝑠𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙
𝐴𝑚𝑖𝑛𝑓𝑟𝑒𝑒
 (2.74) 
Another parameter that is required to calculate both parameters is the Colburn 
factor.  The Colburn factor is found from a graph and is a function of the Reynolds 
number (Re) of the gas mixture.  The Reynolds number for the gas mixture is found 
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using Equation 2.75 below where do is the outside diameter of the tube and μ is the 
viscosity of the mixture. 
 𝑅𝑒 = 𝑑𝑜∙𝐺
𝜇
 (2.75) 
For the initial simulation, the data was interpolated from the graph referenced in 
the original Colburn & Hougen paper.  The interpolation is most accurate at Reynolds 
numbers above 10,000 and not very reliable at lower Reynolds numbers.  As a result, the 
minimum free area should be chosen so that the Reynolds number exceeds 10,000.  The 
interpolation used to find the value of j is given in Equation 2.76 below. 
 𝑗 = −0.00245 ∙ ln(𝑅𝑒) + 0.0308 (2.76) 
The gas film heat transfer coefficient is then calculated using Equation 2.77 
below where j is the Colburn factor and (c∙μ/k)2/3 is given as 0.83 for the air-water 
combination.   
 ℎ𝑠 = 𝑗∙𝑐𝑝𝑠𝑡𝑚𝑖𝑛𝑡∙𝐺(𝑐∙𝜇 𝑘� )2 3⁄  (2.77) 
The equation used to calculate the mass diffusion rate of the vapor through the 
film is shown below (Equation 2.78).  The new parameters in the equation are the mean 
molecular weight (Mm), the log mean partial pressure of the noncondensable gas in the 
film (pgf) and a combined term, (μ/ρkd)(2/3), which is given as 0.71 for the case 
considered. 
 𝐾 = 𝑗∙𝐺
𝑀𝑚∙𝑝𝑔𝑓∙(𝜇 𝜌∙𝑘𝑑⁄ )2 3⁄  (2.78) 
Since the log mean partial pressure cannot be calculated until the temperature at 
the gas film condensate interface is known, Equation 2.78 is usually solved with the 
partial pressure mean term left in the denominator.  Once the relevant temperature is 
known, the log mean partial pressure can be calculated.  In order to find the log mean 
partial pressure of gas in the gas film (pgf) the relevant partial pressures are the partial 
pressure of the noncondensable gas in the bulk flow (Pairint) and the partial pressure of 
noncondensable gas near the condensate film interface (pg').  The partial pressure of the 
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gas near the condensate film is found by first using the property functions of EES to find 
the saturation pressure of steam (pc) at the assumed value for the condensate gas 
interface temperature, Tc.  The steam near the interface must be saturated if condensation 
is to occur at the interface at the given interface temperature.  Once the partial pressure 
of the steam is known, the partial pressure of the air is found using Equation 2.79 below. 
 𝑝𝑔′ = 𝑃𝑖 − 𝑝𝑐 (2.79) 
Once both of the relevant pressures are known, the log mean partial pressure of 
the air is found using Equation 2.80 below. 
 𝑝𝑔𝑓 = 𝑃𝑎𝑖𝑟𝑖𝑛𝑡−𝑝𝑔′𝑙𝑛�𝑃𝑎𝑖𝑟𝑖𝑛𝑡 𝑝𝑔′⁄ � (2.80) 
The guess and check portion of the procedure involves the selection of the 
interface temperature, Tc.  Once an interface temperature value is chosen to check, the 
heat transfer from the bulk cooling water flow to the interface is calculated and 
compared to the heat transfer from the bulk gas flow to the interface.  If these two 
quantities are close enough (within 90 Btu/h-ft2 or 285 W/m2), then the interface 
temperature guessed is taken as the interface temperature for that interval.  In some 
cases, the initial limit of 90 Btu/h-ft2 is not large enough to allow for convergence and 
the limit is increased by an increment of 90 Btu/h-ft2 until the new limit is met.  The heat 
transfer from the bulk cooling water to the interface is referred to as the WaterSide heat 
transfer in Equation 2.81 below. 
 𝑊𝑎𝑡𝑒𝑟𝑆𝑖𝑑𝑒 = ℎ𝑜 ∙ (𝑇𝑐 − 𝑇𝑤) = 𝑈∆𝑇 (2.81) 
The heat transfer from the bulk gas flow to the interface is referred to as the 
GasSide in Equation 2.82 below where Tg is the bulk gas mixture temperature for the 
interval, pv is the partial pressure of the steam in the bulk gas flow and pc is the partial 
pressure of the steam near the interface which is the saturation pressure at the selected 
temperature, Tc. 
 𝐺𝑎𝑠𝑆𝑖𝑑𝑒 = ℎ𝑠 ∙ �𝑇𝑔 − 𝑇𝑐� + 𝐾 ∙ ℎ𝑓𝑔 ∙ (𝑝𝑣 − 𝑝𝑐) = 𝑈∆𝑇 (2.82) 
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The CH_Interval subroutine calculates two more quantities which are used in the 
subroutine which calls CH_Interval.  First, the absolute value of the difference between 
the WaterSide and GasSide quantities is found and is simply named ∆.  Second, the two 
quantities, WaterSide and GasSide, calculated above can both be set equal to the 
quantity U∆T as shown in Equation 2.81 and Equation 2.82 above.  This new quantity 
will be used in calculating the condenser area required for the given outlet conditions.  
Since the values of WaterSide and GasSide will not be exactly equal, the average of 
these two values is taken as the value of U∆T. 
The subroutine Repeater2 calls the subroutine called CH_Interval described 
above for each segment of the condenser analyzed.  Repeater2 receives a number of 
variables as outputs from the CH_Interval subroutine including the temperature change 
of the cooling water (∆Tcw), the water vapor molar flowrate leaving the segment 
analyzed (Nstminterval), the total heat transfer which occurs in the interval (Qinterval), the 
difference between the GasSide and WaterSide values (∆) and the molar fraction of 
water vapor in the bulk gas mixture leaving the segment (Xstmint). 
The Repeater2 subroutine receives as inputs a number of quantities which are 
either passed directly to the CH_Interval subroutine or used in the Repeater2 subroutine.  
These inputs include the total pressure entering the condenser (Pi), the air molar flowrate 
entering the condenser (Niair), the water molar flowrate entering the condenser (Nistm), 
the cooling water molar flow rate entering the condenser (Ncw), the cooling water 
temperature entering the condenser (Tcwin), the assumed bulk gas temperature leaving 
each segment to be analyzed (Tgint,i) and the cooling water temperature difference 
setpoint (∆Tcwsp).  Repeater2 analyzes the condenser in 8 segments which are more 
closely spaced at the entrance and exit of the condenser based on a suggestion in the 
original paper describing the methodology [49]. 
Since the condenser is setup in a counterflow type arrangement, the exiting water 
temperature must be calculated from the cooling water entrance temperature and the 
differential setpoint as shown in Equation 2.83 below. 
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 𝑇𝑐𝑤𝑜𝑢𝑡 = 𝑇𝑐𝑤𝑖𝑛 + ∆𝑇𝑐𝑤𝑠𝑝 (2.83) 
The temperature of the bulk gas flow entering the condenser must also be known 
in order to analyze the condenser.  Assuming that both the membrane mass transfer 
process and the compression process prior to the gases entering the condenser are both 
isothermal, the temperature of the bulk gas flow entering the condenser will be equal to 
the ambient dry bulb temperature (Toadb).  Also, the initial guess for the interface 
temperature (Tc) is found by subtracting 0.01°C from the entering bulk gas temperature.  
Then the subroutine begins the guess and check procedure to determine the actual value 
of Tc.  First, the CH_Interval subroutine is called using the initial guess of the value of 
Tc.  If the absolute value of ∆ returned by CH_Interval is not less than a user defined 
limit (initially set at 90 Btu/h-ft2), then the procedure decreases Tc by 0.025°C and calls 
the CH_Interval subroutine again.  If the new guess value of Tc is less than the entering 
cooling water temperature, the limit for determining convergence is doubled and the 
process begins again with the initial Tc equal to the entering gas bulk temperature minus 
0.01°C.  If the loop still does not converge (i.e. ∆ is not less than the new limit for any 
value of Tc guessed), then the limit is set to triple its initial value and the process starts 
over as before.  This procedure is continued in similar fashion until convergence is 
reached and the value of Tc for the segment is determined.  Once the value of Tc is 
determined for each segment, the outputs of the CH_Interval subroutine are stored for 
processing by the subroutine which calls the Repeater2 subroutine. 
The outputs of the Repeater2 subroutine include the heat transfer in each interval 
(Qint,i), the temperature of the cooling water leaving each interval (Tcwint,i), the quantity 
∆TU for each interval and the water vapor molar fraction exiting each segment (Xwint,i).  
At this point, the entire procedure outlined in the paper by Colburn & Hougen has been 
completed with the exception of the calculation of the condenser area required to obtain 
the given outlet conditions.  The subroutine which calls the Repeater2 subroutine is 
named TempSelect and calculates not only the required area, but also completes two 
additional guess and check procedures which help determine the operating performance 
of the actual condenser. 
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The TempSelect subroutine begins with a few user inputs including the cooling 
water difference setpoint (∆Tcwsp), the initial cooling water flowrate guess (Ncwguess), the 
initial guess for the condenser exiting bulk gas temperature (Togasguess) and the design 
condenser heat transfer area (Adesign).  The next step in the subroutine determines the 
assumed temperature of the bulk gas exiting each of the 8 segments from the condenser 
bulk gas exit temperature guess and the bulk gas entering temperature.  As previously 
mentioned, the segments near the entrance and exit of the condenser are spaced closer 
together (i.e. they are smaller) based on a recommendation in the paper.  This calculation 
of the segment exiting bulk gas temperatures is repeated every time the condenser 
exiting bulk gas temperature is changed in the guess and check procedure. 
Next, the subroutine Repeater2 is called and the outputs are used to calculate the 
area required and change the value of Togasguess accordingly.  The area for each segment 
is found using Equation 2.84 below based on the basic relationship between the heat 
transferred (Qint) and the resistance (U) and driving potential (∆T). 
 𝐴𝑖 = 𝑄𝑖𝑛𝑡,𝑖 (∆𝑇𝑈)𝑖⁄  (2.84) 
Once the required area associated with each segment is known, the total required 
area (Atest) is found by summing the area required for each segment as shown in 
Equation 2.85 below. 
 𝐴𝑡𝑒𝑠𝑡 = ∑ 𝐴𝑖8𝑖=1  (2.85) 
The absolute value of the difference between the design condenser area and the 
calculated condenser area is then found and compared to a user defined limit for 
convergence which is ±10% of the design area.  If the calculated area is not within the 
user defined limits, the condenser bulk gas exiting temperature guess is decreased or 
increased as necessary until the difference is less than the defined limit.  If the calculated 
area is within the user defined limits, then the routine moves on to check the calculated 
cooling water temperature difference as described below. 
As previously mentioned, one of the main limitations of this condenser 
application is the entering temperature of the cooling water which has a theoretical limit 
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equal to the ambient wet bulb temperature (Toawb) for a water cooled condenser.  Given 
the small difference between the entering gas temperature and the inlet water 
temperature under many operating conditions, the temperature difference of the cooling 
water must be checked carefully.  The approach taken is to start with a user defined 
cooling water temperature difference and adjust the cooling water flowrate in a guess 
and check procedure until the calculated cooling water temperature difference is equal to 
the setpoint plus or minus a user defined convergence limit (±10% of the setpoint 
temperature difference). 
For the first run, the user defined condenser water flowrate guess (Ncwguess) is 
used to complete the procedures described above for determining the exiting bulk gas 
temperature.  Once this temperature is determined, the calculated cooling water 
temperature difference (∆Tcwcalc) is found using Equation 2.86 below where Tcwint,8 is the 
temperature of the cooling water calculated for the last segment analyzed.  The value of 
Tcwint,8 is the calculated entering temperature of the cooling water for the given flowrate 
which is found at the last segment where the bulk gas flow is exiting the condenser but 
the cooling water is entering. 
 ∆𝑇𝑐𝑤𝑐𝑎𝑙𝑐 = 𝑇𝑐𝑤𝑜𝑢𝑡 − 𝑇𝑐𝑤𝑖𝑛𝑡,8 (2.86) 
The absolute value of the difference between the calculated and setpoint cooling 
water temperature difference values are then compared.  If the difference is greater than 
the user defined limit, then the cooling water flowrate is increased or decreased as 
necessary and the procedure is repeated from the beginning.  In this case, the guess and 
check procedure used to determine the bulk gas exiting temperature must also be 
repeated.  If the difference is less than the user defined limit then the condenser analysis 
is complete and the outputs of the TempSelect subroutine are sent back to the Latent 
subroutine which calls the TempSelect subroutine. 
The outputs of the TempSelect subroutine include the total heat rejected by the 
condenser (Qall) and the molar fraction of water vapor at the exit of the condenser which 
is equal to the molar fraction at the exit of the last segment of the condenser (Xwint,8).  
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From these two outputs, the Latent subroutine continues.  With the ideal condenser, all 
of the water vapor was compressed up to atmospheric pressure as liquid. Now only a 
portion of the water vapor entering the condenser exits in liquid form; therefore, the 
equation for the final compression stage which rejects the gases to the atmosphere must 
be modified to account for the presence of water vapor in the entering gas stream.   
First the molar fraction of water vapor in the gas stream at the exit of the 
condenser (Xw,4) is set equal the output from the TempSelect subroutine for the exit bulk 
gas molar fraction of water.  Then the molar fraction of air exiting the condenser (Xa,4) is 
found using Equation 2.87 below. 
 𝑋𝑎,4 = 1 − 𝑋𝑤,4 (2.87) 
The molar flow rate of liquid water to be compressed is found by first calculating 
the molar flow rate of water vapor that was not condensed and is exiting the condenser 
as a gas (Nw,4) as shown in Equation 2.88 below.  The air flow rate (Na) is constant 
throughout the permeate flow process and is not denoted with a specific number. 
 𝑁𝑤,4 = 𝑁𝑎 ∙ 𝑋𝑤,4𝑋𝑎,4  (2.88) 
Now the molar flow rate of liquid water (Nliq,4) is found by simply subtracting the 
water vapor flow rate exiting the condenser from the water vapor flow rate entering the 
condenser (Nw,3) and shown in Equation 2.89 below. 
 𝑁𝑙𝑖𝑞,4 = 𝑁𝑤,3 − 𝑁𝑤,4 (2.89) 
The power consumption of the liquid water pump is calculated just as described 
in the ideal system analysis; however, the calculation of the power consumption of the 
final compression stage must be modified as shown in Equation 2.99 below.  The 
isothermal compression power (W) is estimated using the following equation for the 
relevant mass flows where T is the temperature in Kelvin, R is the universal gas 
constant, Na is the molar flow rate of air, Nw is the molar flow rate of water, Pa is the 
partial pressure of air and Pw is the partial pressure of water. 
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 𝑊 = 𝑇𝑖𝑛 ∗ ℛ ∗ �𝑁𝑎 ∗ 𝐿𝑛�𝑃𝑎,𝑜𝑢𝑡 𝑃𝑎,𝑖𝑛⁄ � + 𝑁𝑤 ∗ 𝐿𝑛�𝑃𝑤,𝑜𝑢𝑡 𝑃𝑤,𝑖𝑛⁄ �� (2.99) 
Given the complexity of the Colburn & Hougen methodology and the nature of 
its application as described above, the validity of the results was checked using 
previously published examples included in the original paper by Colburn & Hougen as 
well as in a textbook by Kern (Kern, 1950).  The results from the procedure 
implemented in EES were similar to those in the published works.  A detailed 
description of the comparison is presented in Appendix B. 
  
2.6.2 Comparison of Multi-component and Single Component Condenser Results 
 All of the Colburn & Hougen based simulations assume that the entering cooling 
water temperature is equal to the ambient wet bulb temperature (i.e. a cooling tower 
approach temperature of 0°F).  Using the single component condenser results as the 
practical performance limit of a real multicomponent condenser, the feasible 
improvement in the efficiency of the single stage multicomponent condenser is presented 
below for each of the membrane characteristic combinations previously explored.  The 
Houston, TX bin data results are presented in graphical form following the annual 
average results presented in Table 2.7. 
Table 2.7: Comparison of annual average COP results for three simulation types with Approach=0°F 
Condenser 
Type 
Membrane Characteristic Set 
1 2 3 4 
Ideal 2.20 1.70 3.35 3.35 
C&H 1.49 1.16 1.98 1.98 
Single Component 1.73 1.40 2.37 2.37 
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The first set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s and 
an air permeance of 5.33∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The results 
for these membrane characteristics are shown below in Figure 2.6.   
 
Figure 2.6: Comparison of results for three simulation types with Approach=0°F and first set of 
membrane characteristics 
The second set of simulations uses a water permeance of 1.20∙10-5 mol/Pa-m2-s 
and an air permeance of 1.20∙10-7 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these membrane characteristics are shown below in Figure 2.7.  The third set 
of simulations uses a water permeance of 4.00∙10-6 mol/Pa-m2-s and an air permeance of 
1.00∙10-8 mol/Pa-m2-s with a membrane area of 4.0 m2.  The results for these membrane 
characteristics are shown below in Figure 2.8.   
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Figure 2.7: Comparison of results for three simulation types with Approach=0°F and second set of 
membrane characteristics 
  
Figure 2.8: Comparison of results for three simulation types with Approach=0°F and third set of 
membrane characteristics 
The fourth set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s 
and an air permeance of 2.00∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these membrane characteristics are shown below in Figure 2.9.   
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Figure 2.9: Comparison of results for three simulation types with Approach=0°F and fourth set of 
membrane characteristics 
The graphical results presented above clearly show the degradation in COP when 
a multicomponent condenser is compared to the single component condenser and the 
ideal condenser.  The COP results are most similar when there is either not much water 
in the permeate stream (low ambient dry bulb temperatures) or when the difference 
between the ambient dry bulb and wet bulb temperatures is large (high ambient dry bulb 
temperatures).   
 
2.7 System Optimization Analysis 
 The results of the basic simulations indicate that for the given membrane 
characteristics and condenser performance, the system is not estimated to meet the target 
efficiency for the latent cooling portion of the system.  In order to improve the 
efficiency, a number of system optimizations were considered including the use of 
multiple condenser stages to condense more of the water vapor to liquid form, the 
optimization of the pressure entering the condenser and the use of multiple membrane 
segments with separate permeate stream processing systems.  The simulation 
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methodology for each of these modifications and a summary of the results for the basic 
simulations is presented below.   
 
2.7.1 Multiple Condenser Stages 
The descriptions above are for using a single condenser stage to remove water 
vapor from the permeate gas stream.  If multiple condensing stages are used in series to 
condense more of the water vapor, the outputs of the first condenser stage are used as the 
inputs of the second condenser stage where relevant.  The output molar fraction and 
molar flow rates of both air and water vapor for one stage may be used directly as inputs 
for the next stage.  The total pressure of the gases entering the next stage must be 
increased so that the water vapor is at the saturation pressure for the new bulk gas 
temperature exiting the first stage.  The pressure entering the second or third stage is 
found using Equation 2.100 below where Pi+1 is the total pressure at the entrance of the 
second stage and Psat@Tout is the saturation pressure of the water vapor at the bulk gas 
exit temperature from the previous condenser stage.   
 𝑃𝑖+1 = 𝑃𝑠𝑎𝑡@𝑇𝑜𝑢𝑡𝑋𝑤,𝑒𝑥𝑖𝑡  (2.100) 
The power consumption of the compressor used to increase the pressure of the 
gases continuing on through the second or third condenser stage is found using Equation 
2.99 and the relevant values of the required parameters.  Following the final condenser 
stage, all of the air and the water vapor not condensed in all of the stages analyzed must 
be rejected to atmosphere.  The power consumption of this compressor is also found 
using Equation 2.99 and the relevant value of the required parameters.  The liquid water 
condensed in each condenser stage must be rejected to atmosphere as it exits each 
condenser.  For each condenser the power consumption of this pump (Ww,pump) is found 
using Equation 2.101 below where vw is the specific volume of the water being rejected, 
Poa is the atmospheric pressure and Pw is the pressure of the liquid water entering the 
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pump.  The pressure of the water entering the pump will be equal to the partial pressure 
of the water vapor exiting the condenser. 
 𝑊𝑤,𝑝𝑢𝑚𝑝 = 𝑁𝑤 ∗ 𝑣𝑤 ∗ (𝑃𝑜𝑎 − 𝑃𝑤) (2.101) 
The total power consumption is then the sum of the power consumption of the 
first compressor which is present no matter how many condenser stages are used, one 
water pump for each condenser stage and a compressor for each condenser stage.  For 
diagrams of the three system combinations discussed above refer to Appendix C. 
The same membrane characteristic sets used above for the single component 
condenser simulation are used below in the multiple condenser stage analysis for 
operational analysis using Houston,TX bin weather data.  For all of these simulations, an 
ideal cooling tower is assumed so that the condenser entering cooling water temperature 
is equal to the ambient wet bulb temperature. This assumption ensures that some water 
vapor condensation will occur in all of the temperature bins.  Also, the multiple 
component condenser simulation is used for all cases.  All of the simulations also 
include a 65% simple efficiency applied to all compression devices which are assumed 
to be isothermal and the feed air stream flowrate is 100 CFM of untreated outside air for 
all of the simulations.  The outlet unpermeated air condition is assumed to be 55°F and 
90% relative humidity for all of the cases discussed below.  The membrane area and 
total permeate side pressure vary as shown below based on the membrane characteristics 
and the desired outlet condition.  The percent difference values presented below for the 
two and three stage condenser scenarios are both based on a comparison with the single 
condenser stage results, not the ideal results. 
The ARPA-E specified inlet and unpermeated air outlet stream conditions (Inlet: 
90°F/90%RH; Outlet: 55°F/50%RH) are also analyzed using the multicomponent 
condenser simulation.  Due to the decrease in the desired outlet humidity ratio, much 
more water vapor must be removed from the feed air stream and the membrane areas 
have been increased by a factor of 3 for all ARPA-E condition cases in order to meet this 
new setpoint. 
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The first set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s and 
an air permeance of 5.33∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The results 
for these membrane characteristics are shown below in Table 2.8.  The simulations for 
the 62°F bin cases with 2 and 3 condenser stages were not simulated because the result 
for the single stage system showed little to no water vapor condensation; therefore, 
adding additional stages would not be beneficial.  For these membrane characteristics, 
the maximum increase in COP from adding a second condenser stage is 9.58% in the 
82°F bin and for adding a third condenser stage the maximum increase is 15.9% also for 
the 82°F bin.  Overall, the annual average COP increases by 7.56% when a second stage 
is added and by 12.1% when a third stage is added. 
Table 2.8: Real condenser analysis results for first set of membrane characteristics 
Bin Temp 
Ideal 1 Cond. Stage 2 Cond. Stage 3 Cond. Stage 
COP COP COP %Diff COP %Diff 
ARPA-E 2.28 1.45 1.49 3.18% 1.53 5.46% 
102 1.91 1.78 1.81 1.97% 1.82 2.36% 
97 2.01 1.76 1.84 4.79% 1.87 6.32% 
92 1.98 1.61 1.73 7.58% 1.75 8.64% 
87 2.12 1.61 1.73 7.57% 1.79 11.1% 
82 2.25 1.51 1.66 9.58% 1.75 15.9% 
77 2.36 1.50 1.61 7.54% 1.70 13.2% 
72 2.42 1.49 1.59 6.37% 1.66 10.9% 
67 2.02 1.35 1.45 7.41% 1.49 10.7% 
62 1.12 0.97 -- -- -- -- 
Annual Avg. 2.20 1.49 1.61 7.56% 1.68 12.1% 
 
The second set of simulations uses a water permeance of 1.20∙10-5 mol/Pa-m2-s 
and an air permeance of 1.20∙10-7 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these characteristics are shown below in Table 2.9.  For these membrane 
characteristics, the maximum increase in COP from adding a second condenser stage is 
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6.93% in the 87°F bin and for adding a third condenser stage the maximum increase is 
8.21% also for the 92°F bin.  Overall, the annual average COP increases by 4.21% when 
a second stage is added and by 6.46% when a third stage is added. 
Table 2.9: Real condenser analysis results for second set of membrane characteristics 
Bin Temp 
Ideal 1 Cond. Stage 2 Cond. Stage 3 Cond. Stage 
COP COP COP %Diff COP %Diff 
ARPA-E 1.81 1.26 1.28 1.50% 1.30 2.85% 
102 1.41 1.31 1.32 1.38% 1.34 2.37% 
97 1.66 1.43 1.50 4.40% 1.51 5.73% 
92 1.82 1.44 1.53 6.54% 1.56 8.21% 
87 1.84 1.39 1.48 6.93% 1.49 7.80% 
82 1.86 1.36 1.41 4.05% 1.44 6.41% 
77 1.88 1.27 1.33 4.56% 1.37 8.02% 
72 1.69 1.16 1.20 3.35% 1.23 5.58% 
67 1.26 0.98 1.00 2.29% 1.02 4.06% 
62 0.71 0.65 0.66 2.67% 0.67 3.92% 
Annual Avg. 1.70 1.16 1.21 4.21% 1.24 6.46% 
 
The third set of simulations uses a water permeance of 4.00∙10-6 mol/Pa-m2-s and 
an air permeance of 1.00∙10-8 mol/Pa-m2-s with a membrane area of 4.0 m2.  The results 
for these membrane characteristics are shown below in Table 2.10.  For these membrane 
characteristics, the maximum increase in COP from adding a second condenser stage is 
22.2% in the 87°F bin and for adding a third condenser stage the maximum increase is 
30.1% also for the 82°F bin.  Overall, the annual average COP increases by 15.8% when 
a second stage is added and by 21.3% when a third stage is added. 
The fourth set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s 
and an air permeance of 2.00∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these characteristics are shown below in Table 2.11.  For these membrane 
characteristics, the maximum increase in COP from adding a second condenser stage is 
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23.1% in the 87°F bin and for adding a third condenser stage the maximum increase is 
31.7% also for the 87°F bin.  Overall, the annual average COP increases by 14.6% when 
a second stage is added and by 24.9% when a third stage is added. 
Table 2.10: Real condenser analysis results for third set of membrane characteristics 
Bin Temp 
Ideal 1 Cond. Stage 2 Cond. Stage 3 Cond. Stage 
COP COP COP %Diff COP %Diff 
ARPA-E 3.21 1.85 1.99 7.64% 2.09 13.2% 
102 2.83 2.70 2.76 2.04% 2.82 4.37% 
97 2.82 2.50 2.67 6.76% 2.70 8.00% 
92 2.71 2.09 2.45 17.0% 2.50 19.3% 
87 2.98 2.03 2.49 22.2% 2.62 29.0% 
82 3.26 2.00 2.34 17.2% 2.60 30.2% 
77 3.54 1.98 2.27 14.9% 2.54 28.3% 
72 3.99 2.06 2.35 14.5% 2.60 26.7% 
67 3.74 1.98 2.37 19.6% 2.54 28.0% 
62 2.16 1.72 1.85 7.55% 1.19 7.55% 
Annual Avg. 3.36 1.98 2.29 15.8% 2.40 21.3% 
 
Table 2.11: Real condenser analysis results for fourth set of membrane characteristics 
Bin Temp 
Ideal 1 Cond. Stage 2 Cond. Stage 3 Cond. Stage 
COP COP COP %Diff COP %Diff 
ARPA-E 3.21 1.85 1.99 7.64% 2.11 14.0% 
102 2.83 2.70 2.77 2.37% -- -- 
97 2.82 2.51 2.67 6.55% 2.70 7.78% 
92 2.71 2.07 2.45 18.2% 2.50 20.5% 
87 2.98 1.98 2.44 23.1% 2.61 31.7% 
82 3.26 2.00 2.34 17.2% 2.60 30.2% 
77 3.54 1.98 2.26 14.2% 2.53 27.7% 
72 3.99 2.06 2.35 14.5% 2.60 26.7% 
67 3.74 2.00 2.24 11.7% 2.42 20.7% 
62 2.16 1.72 1.85 7.55% 1.91 11.0% 
Annual Avg. 3.36 1.98 2.27 14.6% 2.47 24.9% 
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The results of the multiple condenser stage analysis presented above suggest that 
for membrane characteristics with higher absolute air permeance values, the increase in 
efficiency from adding a second or third condenser stage is approximately a 10% 
increase in the annual average COP.  Conversely, the benefit of the additional condenser 
stages is much greater when the absolute air permeance value is lower.  Physically this 
makes sense since the condenser has no effect on the amount of air that must be 
compressed up to atmospheric pressure and a larger mass of air increases the power 
consumption of the system for the same amount of cooling.  Furthermore, an increase in 
the air flowrate in the permeate stream for the same water flowrate decreases the partial 
pressure of the water vapor which forces the intermediate pressures to be higher in order 
for the water vapor entering the condensers to be at the saturation pressure for the given 
temperature.  If the intermediate pressures are higher, then even if the same amount of 
water vapor were condensed in each stage, the power consumption of the system with 
more air present would be greater since the pressure differential for all of the gas stream, 
air and water vapor, is greater in each stage. 
As previously mentioned, all of the analysis discussed above was done assuming 
an ideal cooling tower.  If a real cooling tower with an approach temperature of 5°F is 
considered, the first condenser stage for the 62°F, 67°F, 72°F and 77°F bins would be 
unable to condense any water vapor at all because the inlet cooling water temperature 
would be greater than the temperature of the gas entering the condenser.  This limitation 
is explored in greater detail in the following section but is of great concern when 
considering the results presented above. 
 
2.7.2 Condenser Pressure Optimization 
Following a review of the multiple condenser stage system simulation results, 
additional methods for optimizing the system performance were considered.  In the 
previous simulations, the condenser water vapor partial pressure was set based on the 
saturation pressure of the permeate side gases at the ambient temperature.  Increasing the 
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partial pressure of the water vapor increases the saturation temperature of the water 
vapor which increases the temperature difference driving the condensation process.  In 
order to increase the amount of water vapor condensed, the entering condenser pressure 
was increased in even increments until a maximum COPlatent was found.   The condenser 
water vapor partial pressure was increased in increments equal to 10% of the saturation 
pressure of water vapor at the ambient temperature.  Also, in order to ensure that the 
results show that the proposed system is capable of meeting the performance criteria 
outlined by DOE, the subsequent analysis is conducted using the ARPA-E defined inlet 
and outlet air conditions.  Using these operating parameters allows for a direct 
comparison to the required COPlatent found above to make a determination regarding the 
performance of the system.  All of the following analysis was conducted using the single 
component condenser analysis to explore the limit of the performance of the system 
under real operating conditions.  Once again, all of the simulations include a 65% simple 
efficiency applied to all compression devices which are assumed to be isothermal and 
the feed air stream flowrate is 85 CFM of untreated outside air for all of the simulations.   
This analysis was conducted using only a small number of membrane 
characteristic combinations to demonstrate the presence and behavior of the maximum 
performance conditions.  The first test case uses a water permeance of 8.00∙10-6 mol/Pa-
m2-s and an air permeance of 2.00∙10-8 mol/Pa-m2-s with a membrane area of 10.0 m2.  
The COP and percent of the water vapor condensed as a function of the percent increase 
in the condenser pressure for a cooling tower approach temperature of 0°F is shown in 
Figure 2.10 below.  For the results shown in Figure 2.10, the initial condenser water 
vapor partial pressure (i.e. the partial pressure at a percent increase of 0%) is 4.82 kPa. 
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Figure 2.10: Condenser pressure optimization COP and percent water condensed versus percent increase 
in condenser pressure 
From the figure it can be seen that the COP reaches a maximum value before 
100% of the water is condensed.  This maximum typically occurs when 85-90% of the 
water has been condensed.  Using EES to determine the maximum COP, the simulation 
was conducted for three different approach temperatures and the same membrane 
characteristics.  The results are shown below in Table 2.12 along with the results for the 
ideal simulation where all of the water is assumed to condense to liquid form at the 
lowest pressure possible.  The percent difference values shown below are relative to the 
ideal case COP and the value of A indicates the cooling tower approach temperature 
used.  The temperature of the water vapor entering the condenser is shown as T[3] and 
the pressure of the water vapor entering the condenser is shown as Pw[3].  The percent 
increase in the condenser entering pressure which yielded the maximum COP is also 
shown. 
The same set of simulations was conducted for a second set of membrane 
characteristics.  The second set of membrane characteristics use a water permeance of 
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8.00∙10-6 mol/Pa-m2-s and an air permeance of 7.50∙10-9 mol/Pa-m2-s with a membrane 
area of 10.0 m2.  The results are shown below in Table 2.13. 
Table 2.12: Condenser pressure optimization results for simulation set 1 
Sim. 
Type COP % Diff 
T[3] 
(°C) 
T[3] Increase 
(F) 
Pw[3] 
(kPa) 
Pw[3] 
Increase 
(kPa) 
P[3] Percent 
Increase 
Ideal 3.33 -- 32.2 -- 4.82 -- -- 
A=0 2.73 -18.2% 43.1 19.5 8.67 3.85 80% 
A=5 2.62 -21.3% 46.0 24.9 10.1 5.30 110% 
A=10 2.53 -24.2% 48.7 29.7 11.6 6.75 140% 
 
Table 2.13: Condenser pressure optimization results for simulation set 2 
Sim. 
Type COP % Diff 
T[3] 
(°C) 
T[3] Increase 
(F) 
P_w[3] 
(kPa) 
P_w[3]  
Increase 
(kPa) 
P[3] Percent 
Increase 
Ideal 4.57 -- 32.2 -- 4.82 -- -- 
A=0 3.53 -22.8% 43.1 19.5 8.67 3.85 80% 
A=5 3.36 -26.5% 46.0 24.9 10.1 5.30 110% 
A=10 3.21 -29.8% 48.7 29.7 11.6 6.75 140% 
 
The same set of simulations was conducted for a third set of membrane 
characteristics.  The third set of membrane characteristics use a water permeance of 
1.20∙10-5 mol/Pa-m2-s and an air permeance of 1.50∙10-8 mol/Pa-m2-s with a membrane 
area of 5.0 m2.  The results are shown below in Table 2.14. 
The same set of simulations was conducted for a fourth set of membrane 
characteristics.  The fourth set of membrane characteristics use a water permeance of 
1.20∙10-5 mol/Pa-m2-s and an air permeance of 1.20∙10-7 mol/Pa-m2-s with a membrane 
area of 5.0 m2.  The results are shown below in Table 2.15. 
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Table 2.14: Condenser pressure optimization results for simulation set 3 
 Sim.  
Type COP % Diff 
T[3] 
(°C) 
T[3] Increase 
(F) 
P_w[3] 
(kPa) 
P_w[3]  
Increase 
(kPa) 
P[3] Percent 
Increase 
Ideal 4.21 -- 32.2 -- 4.82 -- -- 
A=0 3.31 -21.3% 43.1 19.5 8.67 3.85 80% 
A=5 3.16 -24.9% 46.0 24.9 10.1 5.30 110% 
A=10 3.03 -28.1% 48.7 29.7 11.6 6.75 140% 
 
Table 2.15: Condenser pressure optimization results for simulation set 4 
Sim. 
Type COP % Diff 
T[3] 
(°C) 
T[3] Increase 
(F) 
P_w[3] 
(kPa) 
P_w[3]  
Increase 
(kPa) 
P[3] Percent 
Increase 
Ideal 1.81 -- 32.2 -- 4.82 -- -- 
A=0 1.61 -11.4% 43.1 19.5 8.67 3.85 80% 
A=5 1.57 -13.5% 46.0 24.9 10.1 5.30 110% 
A=10 1.53 -15.4% 48.7 29.7 11.6 6.75 140% 
 
From these results it can be seen that for systems with membrane characteristics 
that for the ideal case perform above the required performance level (COPlatent = 3.34), 
the COP is decreased by approximately 24-30% for an approach temperature of 10°F 
and 21-27% for an approach temperature of 5°F when compared to the ideal case.  Only 
one case with an approach of 5°F in simulation set 2 meets the COP requirement.  These 
results led to the consideration of another modification to ensure that the latent COP 
meets the required level when a multicomponent condenser is considered. 
 
2.7.3 Multiple Membrane Segments 
One system combination investigated is to break the membrane dehumidification 
into five steps.  At this time all multiple step dehumidification system simulations 
assume that each step has an equal membrane area, the same membrane characteristics 
for each step and equal total water molar flow rates for each step.  In order to implement 
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this multiple step simulation using the methodology described above, the Latent 
subroutine must be called five separate times using the output from the first Latent call 
as in the input for the second and so on until all five steps have been simulated.  The 
equations input before the second call of the Latent subroutine are shown below 
(Equations 2.102 through 2.105) as an example where Nw,2-1 is the water molar flow rate 
through the entire membrane for the first dehumidification step and Na,2-1 is the air molar 
flow rate through the entire membrane for the first dehumidification step. 
 𝑁𝑤,2−2 = 𝑁𝑤,𝑜𝑎 − 𝑁𝑤,2−1 (2.102) 
 𝑁𝑎,2−2 = 𝑁𝑎,𝑜𝑎 − 𝑁𝑎,2−1 (2.103) 
 𝑋𝑤,2−2 = 𝑁𝑤,2−2𝑁𝑤,2−2+𝑁𝑎,2−2 (2.104) 
 𝜔2−2 = �𝑀𝑤𝑀𝑎� � 11−𝑋𝑤,2−2 − 1� (2.105) 
The inputs for the Latent subroutine call simulating the second of the five steps 
would include Na,2-2 and ω2-2.  Once all five Latent subroutines have been called and 
their outputs returned to the main simulation, the total water and air molar flow rates 
through the membrane are calculated (Nw,2-all and Na,2-all, respectively) using the 
following equations (Equations 2.106 and 2.107). 
 𝑁𝑤,2−𝑎𝑙𝑙 = 𝑁𝑤,2−1 + 𝑁𝑤,2−2 + 𝑁𝑤,2−3 + 𝑁𝑤,2−4 + 𝑁𝑤,2−5 (2.106) 
 𝑁𝑎,2−𝑎𝑙𝑙 = 𝑁𝑎,2−1 + 𝑁𝑎,2−2 + 𝑁𝑎,2−3 + 𝑁𝑎,2−4 + 𝑁𝑎,2−5 (2.107) 
The equations for the outlet conditions must be rewritten to account for the five 
steps of dehumidification as shown below in Equations 2.108 and 2.109. 
 𝑁𝑤,𝑜𝑢𝑡=𝑁𝑤,𝑜𝑎 − 𝑁𝑤,2−𝑎𝑙𝑙 (2.108) 
 𝑁𝑎,𝑜𝑢𝑡=𝑁𝑎,𝑜𝑎 − 𝑁𝑎,2−𝑎𝑙𝑙 (2.109) 
Then the molar fraction of water and the outlet humidity ratio are calculated as 
before; however, the equations for the total power required for dehumidification and the 
total latent cooling effect must be rewritten as shown in Equations 2.110 and 2.111 
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below.  Each Latent subroutine call will return as an output the power and cooling for 
that step which are noted as shown below.  For instance, Wlat,1 is the total power required 
to operate the membrane dehumidification system for the first step. 
 𝑊𝑙𝑎𝑡,𝑎𝑙𝑙 = 𝑊𝑙𝑎𝑡,1 + 𝑊𝑙𝑎𝑡,2 + 𝑊𝑙𝑎𝑡,3 + 𝑊𝑙𝑎𝑡,4 + 𝑊𝑙𝑎𝑡,5 (2.110) 
 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,𝑎𝑙𝑙 = 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,1 + 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,2 + 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,3 + 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,4 + 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,5 (2.111) 
The overall latent COP (COPlat,all) is then found using Equation 2.112 below. 
 𝐶𝑂𝑃𝑙𝑎𝑡,𝑎𝑙𝑙 = 𝐶𝑜𝑜𝑙𝑙𝑎𝑡,𝑎𝑙𝑙𝑊𝑙𝑎𝑡,𝑎𝑙𝑙  (2.112) 
Placing multiple separate membrane sections in series allows for the permeate 
side total pressure to be increased in the first few sections.  This in turn reduces the 
pressure rise required across the first vacuum pump which reduces the energy 
consumption for the first few sections of the membrane.  The simulations were setup so 
that each membrane section is completely independent meaning each membrane 
segment has a separate set of compressors and a separate condenser.  Once again, all of 
the simulations include a 65% simple efficiency applied to all compression devices 
which are assumed to be isothermal and the feed air stream flowrate is 85 CFM of 
untreated outside air for all of the simulations.  The subsequent analysis is conducted 
using the ARPA-E defined inlet and outlet air conditions.  The optimum condenser 
pressure approach previously discussed is used for each membrane segment in order to 
maximize the COP. 
Given that only one set of membrane characteristics was capable of meeting the 
required COP for an approach temperature of 5°F, another analysis of the ideal 
simulation results was conducted prior to simulating the multiple membrane segment 
systems.  Also, increased separation factor values were also simulated based on results 
from the materials development work.  The results of this analysis are shown in 
Appendix D.  From these results, 6 membrane characteristic sets were chosen to use with 
the multiple membrane segment simulations.  The results shown in Table 2.16 below are 
based on an ideal condenser simulation in order to show the absolute maximum COP 
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possible for the system with five membrane segments.  Multiple membrane area 
combinations were simulated for each membrane characteristic set but only the 
combination with the maximum COP result is shown below.  The percent change in 
COP values shown are the change in COP as compared to the single membrane segment 
results shown in Appendix D. 
Table 2.16: Multiple membrane segment results for ideal condenser 
Water 
Permeance  
(mol/m2- 
Pa-s) 
Air 
Permeance  
(mol/m2- 
Pa-s) 
Am1 
(m2) 
Am2 
(m2) 
Am3 
(m2) 
Am4 
(m2) 
Am5 
(m2) 
Am 
Total 
(m2) 
COP 
(Ideal) 
% 
Change 
in COP 
1.20E-05 1.60E-08 1.0 1.0 1.0 1.5 1.5 6.0 4.93 19% 
1.20E-05 1.28E-08 1.0 1.0 1.0 1.5 1.5 6.0 5.33 22% 
1.20E-05 6.40E-09 1.0 1.0 1.0 2.0 2.0 7.0 6.57 29% 
8.00E-06 1.60E-08 1.5 1.5 1.5 2.0 2.0 8.5 4.19 15% 
8.00E-06 8.00E-09 1.5 1.5 1.5 2.0 2.0 8.5 5.39 20% 
8.00E-06 6.40E-09 1.5 1.5 2.0 2.0 2.0 9.0 5.75 21% 
 
These results show that for the ideal condenser case all of the membrane 
characteristics sets analyzed are capable of meeting the required COP.  All of the 
membrane characteristic sets were based on the water permeance shown and a separation 
factor of 160 or 200 with the exception of the fourth combination with the lowest COP 
in the above table.  As previously seen, when a real condenser is considered the COP 
reduces noticeably.  With this in mind, the next step is to run the same simulations with a 
real condenser model. 
Next, the same sets of membrane characteristics were simulated using the single 
component condenser with an approach temperature of 5°F.  Multiple membrane area 
combinations were simulated for each membrane characteristic set but only the 
combination with the maximum COP result is shown below in Table 2.17.  The percent 
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change in COP values shown are the change in COP as compared to the single 
membrane segment results shown in Appendix D. 
Table 2.17: Multiple membrane segment results for single component condenser 
Water  
Permeance 
(mol/m2- 
Pa-s) 
Air  
Permeance  
(mol/m2- 
Pa-s) 
Am1 
(m2) 
Am2 
(m2) 
Am3 
(m2) 
Am4 
(m2) 
Am5 
(m2) 
Am 
Total 
(m2) 
COP 
(A=5) 
% 
Change 
in COP 
1.20E-05 1.60E-08 1.0 1.0 1.0 1.5 1.5 6.0 3.54 -15% 
1.20E-05 1.28E-08 1.0 1.0 1.0 1.5 1.5 6.0 3.75 -14% 
1.20E-05 6.40E-09 1.0 1.0 1.0 2.0 2.0 7.0 4.34 -15% 
8.00E-06 1.60E-08 1.5 1.5 1.5 2.0 2.0 8.5 3.14 -14% 
8.00E-06 8.00E-09 1.5 1.5 1.5 2.0 2.0 8.5 3.78 -16% 
8.00E-06 6.40E-09 1.5 1.5 2.0 2.0 2.0 9.0 3.96 -16% 
 
Based on the single component condenser results, this system configuration 
meets the required COP with all of the membrane characteristics shown except the 
fourth set which was based on a separation factor of 80.  Given that the membrane 
development has shown a possible separation factor of 200, these results indicate the 
proposed system is capable of meeting the stated performance goal for numerous types 
of membrane characteristics.  All of the single component condenser simulation 
membrane characteristic sets show a reduction from the ideal condenser COP of about 
15%. 
Next, the same sets of membrane characteristics were simulated using the 
multicomponent condenser with an approach temperature of 5°F.  Multiple membrane 
area combinations were simulated for each membrane characteristic set but only the 
combination with the maximum COP result is shown below in Table 2.18.  The percent 
change in COP values shown are the change in COP as compared to the single 
membrane segment results shown in Appendix D. 
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Table 2.18: Multiple membrane segment results for multicomponent condenser 
Water 
Permeance 
(mol/m2- 
Pa-s) 
Air 
Permeance 
(mol/m2- 
Pa-s) 
Am1 
(m2) 
Am2 
(m2) 
Am3 
(m2) 
Am4 
(m2) 
Am5 
(m2) 
Am 
Total 
(m2) 
COP 
(A=5) 
% 
Change 
in COP 
1.20E-05 1.60E-08 1.0 1.0 1.0 1.5 1.5 6.0 3.08 -26% 
1.20E-05 1.28E-08 1.0 1.0 1.0 1.5 1.5 6.0 3.32 -24% 
1.20E-05 6.40E-09 1.0 1.0 1.0 2.0 2.0 7.0 4.23 -17% 
8.00E-06 1.60E-08 1.5 1.5 1.5 2.0 2.0 8.5 2.75 -18% 
8.00E-06 8.00E-09 1.5 1.5 1.5 2.0 2.0 8.5 3.05 -32% 
8.00E-06 6.40E-09 1.5 1.5 2.0 2.0 2.0 9.0 3.61 -24% 
 
Based on the multicomponent condenser results, this system configuration meets 
the required COP for the membrane characteristics analyzed only for the lowest air 
permeance for a given water permeance.  Again, given that the membrane development 
has shown a possible separation factor of 200 which was the basis for the lowest air 
permeance membrane characteristic sets, these results indicate the proposed system is 
capable of meeting the stated performance goal for at least two sets of membrane 
characteristics. 
 
2.8  Pump Heat Transfer Analysis 
 In all of the analysis described to this point, the compressors have been treated 
very simply assuming isothermal compression with the required power input calculated 
analytically.  This treatment implicitly assumes that the compressor is cooled to maintain 
the isothermal condition and is sufficient for the simple model where the pressure of the 
water vapor only reaches the saturation pressure for the given temperature (i.e. the 
ambient dry bulb temperature assuming isothermal compression and isothermal 
membrane mass transfer).  When the pressure of the gases entering the condenser is 
increased in order to improve the performance of the condenser, this simple model 
becomes problematic.  As the pressure increases, the saturation temperature increases 
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above the entering temperature and condensation would occur in the pump or 
compressor. 
 First, a simple heat transfer model of the device was considered in order to 
determine if the heating produced by compression in the absence of cooling would be 
sufficient to heat the vapor and keep it from condensing in the pump.  Additionally, 
research into multi-component condensers indicated that superheating the gas vapor 
mixture prior to entering the condenser can increase the condenser performance.  In 
order for the pumping process to be isothermal, the gas and vapor must be cooled during 
the pumping process.  Ideally, if the mass flow rate is low enough and the device small 
enough this could be accomplished through the pump housing without any additional 
components or effort in design.  Using an example set of operating conditions (ARPA-E 
inlet and outlet conditions, membrane area of 10.0 m2, water permeance of 8.00∙10-6 
mol/m2-Pa-s and a separation factor of 200) to determine the permeate mass flow rates 
and other relevant operating parameters for the compressors, a heat transfer analysis 
including both convection and radiation heat transfer was conducted.  The rate of heat 
loss for isothermal compression is calculated using a simple energy balance of the 
compressor as shown below in Equation 2.113 where W is the mechanical work, hi is the 
enthalpy of the mass entering the compressor, ho is the enthalpy of the mass exiting the 
compressor and Q is the heat transfer in the system.  The mechanical work in this 
equation includes an applied simple efficiency of the pump of 72.2%.  The equation 
below is written using the convention where heat input and work output are considered 
positive values; therefore the work input into the system is entered as a negative value 
and the resulting heat loss from the system should also be a negative value. 
 𝑄 = 𝑊 + 𝑚𝑜ℎ𝑜 − 𝑚𝑖ℎ𝑖  (2.113) 
For the heat transfer calculation, the surroundings of the compressor were 
assumed to be at the ambient temperature (Tamb) and the surface temperature of the 
compressor (Tsurf) was the desired result of the analysis.  The pump was then modeled 
using two different geometries: a sphere and a cube.  Published correlations for natural 
convection heat loss and forced convection heat loss were found for the spherical 
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geometry.  For the cube geometry, only a natural convection cooling case was 
considered.  From the correlations, the convective heat transfer coefficient (h) was 
calculated for each case.  This value was then utilized in Equation 2.114 below along 
with an assumed emissivity (ε) of 0.8 for the pump and the area (A) calculated for the 
given geometry with σ being the Stefan-Boltzman constant (5.67∙10-8 W/m2-K4). 
 𝑄 = ℎ𝐴�𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑎𝑚𝑏� + 𝜀𝜎𝐴(𝑇𝑠𝑢𝑟𝑓4 − 𝑇𝑎𝑚𝑏4) (2.114) 
Using the heat loss (Q) calculated using Equation 2.113 and the inputs described 
above, the surface temperature of the pump is found.  Four different cooling scenarios 
were considered assuming a sphere with a diameter of 4 inches or a cube of 4 inches on 
each side: air cooled sphere with natural convection (case 1), air cooled cube with 
natural convection (case 2), air cooled sphere with forced convection (case 3) and a 
water cooled sphere with forced convection (case 4).  For the water cooled case, the 
cooling water is assumed to be provided at the wet bulb temperature plus a 2.78°C (5°F) 
approach temperature to approximate a real cooling tower.  The results are shown below 
in Table 2.19. Correlations for cases 1, 3 and 4 were taken from Incropera and Dewitt 
[21] and the correlation for case 3 was taken from Sparrow and Stretton [136]. 
Table 2.19: Compressor surface temperature estimates 
Case Compressor Surface Temperature (°C) 
1 190 
2 130 
3 116 
4 33.5 
 
These results indicate that for the given operating conditions, the compressor 
devices will not approximate isothermal operation without water cooling.  The 
temperatures estimated for air cooling are much higher than those recommended by 
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manufacturers of vacuum pumps which typically design for a maximum operating 
temperature of well under 100°C.  Given these results, the effect of non-isothermal 
compressor operation on the overall system performance was explored.   
For the results below, the simulation inputs utilized are the ARPA-E inlet and 
outlet air conditions, a membrane area of 10.0 m2, water permeance of 8.00∙10-6 mol/m2-
Pa-s and a separation factor of 200.  Subsequently, the condenser entering temperature 
was varied as shown from 35°C to 175°C in order to determine the effect on the overall 
system performance.   
The results below show that as the condenser entering temperature is increased, 
the COP of the system decreases.  At the same time, the quality of the saturated water 
mixture leaving the condenser (xout) does not vary greatly.  In other words, the amount of 
water vapor condensed in the condenser does not vary greatly as a percentage of the 
total.  This suggests that the condenser performance is not greatly affected even though 
the overall system performance is noticeably decreased.  Since the total cooling provided 
by the system does not change, the change in COP is due to an increase in the system 
input power (W).  The input power increases as the condenser entering temperature 
increases because the compressor operation is moving further and further from 
isothermal operation which is the most efficient operating condition possible.  The 
relationship between the condenser entering temperature, the total power input and the 
COP can be seen in Figure 2.11 below. 
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Figure 2.11: Effects of varying condenser entering temperature on system performance 
 
2.9 Summary 
 Several different simulations were developed in order to assess different aspects 
of the latent cooling only, membrane based dehumidification system performance.  All 
of the results presented in this chapter utilize a simple Fick’s law based membrane mass 
transfer analysis to assess the membrane mass transfer process.   
During the development of the simulations, the importance of the condenser 
analysis and performance on the overall system performance became very apparent.  In 
order to assess the limits of the system performance, an ideal condenser was modeled 
where all of the water vapor in the permeate stream was assumed to condense to liquid 
form.  A parametric analysis using the ideal condenser simulation was conducted for use 
in determining the goals of the materials development team.  Unlike for the subsequent 
analysis, for the parametric analysis the membrane properties and outlet conditions were 
set and the required membrane area was calculated.  To further explore the limits of the 
system performance, analysis was conducted assuming the membrane allows no air to 
pass from the feed to permeate stream and all of the water vapor is condensed to liquid 
form in the condenser. 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0
0.5
1
1.5
2
2.5
3
30 50 70 90 110 130 150 170 190
Q
ua
lit
y 
(-)
 
CO
P 
(-)
 o
r W
=P
ow
er
 In
pu
t (
kW
) 
Condenser Entering Temperature (°C) 
COP W x_out
 
 
102 
 
While the ideal condenser simulations offer an assessment of the system’s best 
possible performance, clearly there is a need to assess the effects of the actual operating 
conditions on the condenser and system performance.  To this end a model was 
developed using an idealization where it is assumed that only the water vapor will enter 
the condenser with the permeate air bypassing the condenser and being rejected directly 
to atmosphere.  This allows for a simple condenser analysis but one that does introduce 
the limitations placed on the condenser performance by the ambient conditions and 
cooling tower performance.  Additionally, a model was developed using the single 
component condenser approach which is capable of analyzing a case where the vapor-
gas mixture is superheated at the condenser inlet. 
Finally, an initial real (i.e. multicomponent) condenser simulation was developed 
using a film method based condenser design procedure.  This multicomponent condenser 
model used some assumptions from the original design procedure description which are 
addressed in the next chapter; therefore, it is regarded as an initial simulation.  The 
results of this analysis indicated that for the membrane properties investigated, the basic 
system was not capable of meeting the latent system performance (i.e. COP) goal.  To 
address this, multiple system optimizations were investigated including the use of 
multiple condenser stages, optimizing the pressure of the mixed stream entering the 
condenser and using multiple membrane segments instead of a single segment of 
membrane to accomplish the desired amount of dehumidification.  The results of the 
optimization analysis indicated that using both condenser pressure optimization and 
multiple membrane segments together increase the system performance to the point that 
the system is capable of meeting the latent cooling system performance goal. 
For the analysis discussed above, the compressor and vacuum pump have been 
assumed to be operating isothermally.  In order to assess the validity of this assumption 
some basic heat transfer analysis of a pump was conducted to determine if the detailed 
model will need to account for non-isothermal pump operation.  The results indicated 
that for a water cooled pump the operation is nearly isothermal but is still not truly 
isothermal.  Therefore, it was determined that the detailed multicomponent condenser 
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simulation must be capable of analyzing the condensation process of a superheated 
mixture. 
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CHAPTER III 
DETAILED SYSTEM SIMULATIONS 
 
3.1 Introduction 
 Following the development and application of the initial, basic simulation 
models, some of the detailed inputs to the basic models were identified as in need of 
further development.  The items in need of further development include the mass 
transfer model and the heat transfer coefficients in the multicomponent condenser 
model.  Also, it was determined that the multicomponent condenser model must be 
capable of simulating superheated mixtures of vapor and noncondensable gas.  Changing 
these simulation details is likely to have an effect on the overall simulation outputs; 
therefore, much of the system performance analysis conducted with the basic 
simulations must be repeated.  Below is a description of the changes made to the 
simulations and a discussion of the simulation results following the changes described. 
 
3.2 Modified Mass Transfer Model Methodology 
 In the basic simulations the mass transfer through the membrane is modeled by 
applying Fick’s law using user defined membrane mass transfer properties.  In the 
system of equations used to simulate the mass transfer, the permeance values used 
include only the properties of the membrane and ignore the effects of the diffusion of the 
water vapor through the air near the membrane.  The diffusion process can be considered 
as a separate mass transfer process with its own mass transfer coefficient or resistance to 
mass transfer.  Initially, it was thought that the resistance to mass transfer related to the 
diffusion process would be small enough in comparison to the resistance to the mass 
transfer associated with the membrane that the diffusion boundary layer resistance could 
be neglected.  As the materials development proceeded and the target performance of the 
material was surpassed in terms of the water permeance, the initial assumption which led 
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to the neglect of the boundary layer resistance became somewhat suspect.  In order to 
address the possible effects of this boundary layer resistance to mass transfer on the 
membrane mass transfer process a modified mass transfer simulation has been developed 
and is presented below. 
 As mentioned in the previous discussions of Fick’s law, mass transfer analysis 
using Fick’s law is analogous to heat transfer in many ways.  In heat transfer, when 
different resistances to heat transfer occur in series or in parallel between two fluid 
streams exchanging heat, an overall heat transfer coefficient can be found to analyze the 
heat transfer between the two streams.  This is the approach used in the multicomponent 
condenser analysis to calculate ho, the overall heat transfer coefficient.  The same 
approach can be used when multiple resistances to mass transfer occur between two fluid 
streams which have a flow of mass between them. 
 For the mass transfer between the feed stream and the permeate stream there are 
three separate resistances to mass transfer that occur in series.  First is the mass transfer 
of the water vapor through the boundary layer near the membrane surface that develops 
when some of the water vapor is removed from the feed stream.  As some water vapor is 
removed from the feed stream the concentration of the water vapor near the membrane 
decreases and a gradient is formed between the bulk flow and the membrane surface.  
The mass transfer boundary layer is related to this concentration gradient.  This 
concentration gradient induces a flow of water vapor from the bulk flow to the 
membrane surface via diffusion.  The diffusion process is described by a mass transfer 
coefficient, km, which is similar to the heat transfer coefficient, h, in Newton’s law of 
cooling.  From Fick’s law, the rate of mass transfer through this boundary layer can be 
calculated using Equation 3.1 below where N is the molar flow rate, Am is the area of 
mass transfer and ΔC is the concentration gradient across the boundary layer.  The 
resistance to mass transfer associated with the boundary layer is simply the inverse of 
the mass transfer coefficient just as the resistance to heat transfer for convection is the 
inverse of the heat transfer coefficient. 
 𝑁 = 𝑘𝑚𝐴𝑚𝛥𝐶  (3.1) 
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 For the purposes of this analysis the mass transfer coefficient is calculated using 
the following relationship between the Nusselt number and the Sherwood (Sh) number 
presented below in Equation 3.2.  The equation relates the Nusselt number, Nu, the 
Schmidt number, Sc, and the Prandtl number to the Sherwood number.   
 𝑆ℎ = 𝑁𝑢 �𝑆𝑐
𝑃𝑟
�
1
3�  (3.2) 
 The Sherwood number is defined as the ratio of the convective mass transfer 
coefficient to the diffusive mass transfer coefficient and is analogous to the Nusselt 
number in heat transfer.  It is also defined as the dimensionless concentration gradient at 
the surface and provides a measure of the convective mass transfer at the surface.  It is 
calculated as shown in Equation 3.3 below where L is the characteristic length and Dm is 
the diffusion coefficient for the given fluid mixture. 
 𝑆ℎ = 𝑘𝑚𝐿
𝐷𝑚
 (3.3) 
 The Schmidt number is defined as the ratio of momentum diffusivity to mass 
diffusivity.  It is calculated as shown in Equation 3.4 below where μ is the viscosity of 
the fluid mixture, ρ is the density of the fluid mixture and ν is the dynamic viscosity of 
the fluid mixture. 
 𝑆𝑐 = 𝜇
𝐷𝑚𝜌
= 𝜈
𝐷𝑚
 (3.4) 
 The diffusion coefficient which is used in the definition of both the Sherwood 
and Schmidt numbers is dependent on the components of the specific fluid mixture being 
considered.  A regression curve fit presented in Equation 3.5 based on diffusion data 
presented by Bolz and Tuve [137] is used to determine the diffusion coefficient for a 
water vapor and air mixture. 
 𝐷𝑚 = −2.775 ∙ 10−6 + 𝑇 ∙ 4.479 ∙ 10−8 + 𝑇2 ∙ 1.656 ∙ 10−10 (3.5) 
Once the diffusion coefficient is known, on the feed side of the membrane the 
remaining mixture properties are simply found using the property lookup feature in EES.  
On the permeate side of the membrane the mixture properties must be calculated from 
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the separate property functions for air and water vapor since mixture properties for moist 
air do not exist in EES at the permeate conditions.  The mixture density is found using a 
simple molar average.  For the mixture viscosity, the approximate method presented by 
Wilke [138] was chosen.  The general form of the equation for a binary mixture is shown 
below in Equation 3.6 where x is the molar fraction, M is the molar mass and μ is the 
viscosity. 
 𝜇𝑚 = 𝜇1
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 (3.6) 
 The Prandtl number is defined as the ratio of momentum diffusivity to thermal 
diffusivity and is calculated using Equation 3.7 below where cp is the specific heat and k 
is the thermal conductivity. 
 𝑃𝑟 = 𝑐𝑝∙𝜇
𝑘
= 𝜈
𝛼
 (3.7) 
The mixture specific heat is found using a simple molar average.  For the thermal 
conductivity, the approximate method presented by Mason and Saxena [139] was 
chosen.  The general form of the equation for a binary mixture is shown below in 
Equation 3.8 where x is the molar fraction, M is the molar mass, k is the thermal 
conductivity, and μ is the viscosity. 
𝑘𝑚 = 𝑘11 + �𝑥2𝑥1� �1.0652√2 � �1 + 𝑀1𝑀2�−1 2⁄ �1 + �𝜇1𝜇2 𝑀2𝑀1�1 2⁄ �𝑀1𝑀2�1 4⁄ �2 
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The correlation used to calculate the Sherwood number allows the use of any 
relevant correlation for calculating the Nusselt number.  For this application, if the 
Reynolds number is greater than 10,000 the flow is turbulent and fully developed.  In 
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this case, the Nusselt number is found using the correlation presented below in Equation 
3.9 which is presented in Mills [34].   
 𝑁𝑢𝐷 = � (𝑓 8⁄ )∙(𝑅𝑒𝐷−1000)∙𝑃𝑟1+12.7∙(𝑓 8⁄ )1 2⁄ ∙�𝑃𝑟2 3⁄ −1�� (3.9) 
Where f is the friction factor and is calculated using the Equation 3.10 below. 
 𝑓 = (0.790 ∙ 𝑙𝑛(𝑅𝑒𝐷) − 1.64)−2 (3.10) 
It is assumed that the flow on the feed side of the membrane will be turbulent 
given the large mass flow rate and geometry of the membrane module.  On the permeate 
side of the membrane this assumption may not hold.  If the Reynolds number is greater 
than 2,300 but less than 10,000, the flow is in the transition region and a correlation 
(shown in Equation 3.11) provided by Levenspiel [140] is used. 
 𝑁𝑢𝐷 = 0.116 ∙ �𝑅𝑒2 3⁄ − 125� ∙ 𝑃𝑟1 3⁄ ∙ �1 + �𝐷ℎ𝐿 �2 3⁄ � � 𝜇𝜇𝑤�0.14 (3.11) 
If the flow is laminar then the constant value for the Nusselt number for flow 
between two flat plates at constant temperature is used (Nu=7.54). 
 The permeance of the membrane is analogous to the conductance in conduction 
heat transfer.  The basic form of Fick’s law presented above in Equation 3.1 uses a 
concentration difference as the driving force for the mass transfer.  The mass transfer 
coefficients calculated using the procedure outlined above are intended to be used with 
the original form of Fick’s law using a concentration difference.  As described in 
Chapter 2, the form of Fick’s law that was used in the basic models utilizes a partial 
pressure difference as the driving force for the mass transfer.  Consequently, the 
permeance values are defined in such a way that they can be directly used in the 
modified form of Fick’s law based on a pressure differential.  In order to calculate an 
overall mass transfer coefficient a relationship between the mass transfer coefficients 
and the permeance values must be found. 
First, the relationship between pressure and concentration must be established 
using the ideal gas law.  The common form of the ideal gas law is written as shown in 
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Equation 3.12 below in terms of the specific volume, v.  This form can also be modified 
so that the ideal gas law is written in terms of concentration as shown in Equation 3.13 
where c is the concentration. 
 𝑃𝑣 = 𝑅𝑇 (3.12) 
 𝑃 = 𝑐 ∙ 𝑅𝑇 (3.13) 
 The form of Fick’s law used previously is demonstrated in Equation 3.14 below 
where τ is the permeance in units of mol/m2-s-Pa, Am is the membrane area, ph is the 
high side partial pressure and pl is the low side partial pressure. 
 𝑁 = 𝜏 ∙ 𝐴𝑚(𝑝ℎ − 𝑝𝑙) (3.14) 
 Using the ideal gas law defined with concentration will allow this form of Fick’s 
law to be related back to the original form of Fick’s law using concentration gradients as 
demonstrated in Equation 3.15 below. 
 𝑁 = 𝜏 ∙ 𝐴(𝑐ℎ𝑅𝑇ℎ − 𝑐𝑙𝑅𝑇𝑙) (3.15) 
 Since the membrane mass transfer is a constant temperature process, Th and Tl 
are equal and Equation 3.15 can be rewritten as shown in Equation 3.16. 
 𝑁 = 𝜏 ∙ 𝐴𝑚𝑅𝑇(𝑐ℎ − 𝑐𝑙) (3.16) 
 A comparison of Equation 3.16 with the basic form of Fick’s law where 
permeance (P) is expressed in terms of gas permeation units and the driving force is the 
concentration difference demonstrates the relationship shown below in Equation 3.17 
between the permeance as it has been used in this work (denoted by τ) and the 
permeance as it is used more generally (denoted by P). 
 𝑷 = 𝜏 ∙ 𝑅𝑇 (3.17) 
 Using this relationship, the permeance values discussed in this work in units of 
mol/m2-s-Pa can be input directly into Equation 3.18 below in order to find the overall 
mass transfer coefficient, KT.  In Equation 3.18, km,1 is the mass transfer coefficient on 
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the high pressure side of the membrane and km,2 is the mass transfer coefficient on the 
low pressure side of the membrane. 
 1
𝐾𝑇
= 1
𝑘𝑚,1 + 1𝑷 + 1𝑘𝑚,2 = 1𝑘𝑚,1 + 1𝜏∙𝑅𝑇 + 1𝑘𝑚,2 (3.18) 
 Once the overall mass transfer coefficient has been calculated, the mass transfer 
across the combined resistances is calculated using Fick’s law.  Once again, the 
relationship between pressure and concentration is used so that Fick’s law can be written 
so that a partial pressure difference is the driving force as shown in Equation 3.19. 
 𝑁 = 𝐾𝑇
𝑅𝑇
∙ 𝐴𝑚(𝑝ℎ − 𝑝𝑙) (3.19) 
 The value of the combined term KT/RT is used in EES in the same manner that 
the permeance (represented by τ) was used to calculate the mass transfer for each 
segment of the membrane in the subroutine Solver.  For the final version of the detailed 
mass transfer analysis, only the mass transfer resistances of the high pressure side 
boundary layer and the membrane are used to calculate the overall mass transfer 
coefficient.  The resistance on the low pressure side of the membrane is not included 
because the mass transfer is modeled so that the mass is pulled directly away from the 
membrane at each segment of the membrane and no boundary layer forms from one 
segment to the next as shown in Figure 2.2.  In other words, the mass transfer unit is not 
parallel flow or counterflow but perpendicular flow on the permeate side of the 
membrane.  Therefore, if there is no boundary layer the mass transfer resistance need not 
be included. 
 A set of membrane permeance values was chosen from the basic simulation 
analysis to use for a comparison of the system simulation results before and after the 
implementation of the modified mass transfer procedure described above.  Ten different 
membrane characteristic sets were analyzed.  A constant membrane area of 10.0 m2 was 
chosen because the preliminary results of the modified mass transfer procedure indicated 
that due to the added resistance to the mass transfer in the new model the membrane area 
required must be larger than before in order to meet the outlet condition setpoint.  The 
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area chosen was also the required membrane area assumed by the materials development 
team.  The results are shown below in Table 3.1 where the separation factor is denoted 
as SF and the permeate side total pressure at the membrane is P[2].  The results labeled 
“Old” are from the basic mass transfer analysis and the results labeled “New” are from 
the modified mass transfer analysis.  In order to eliminate any effects on the COP due to 
the condenser performance, the ideal condenser procedure was used for this analysis so 
that the COP results reflect the effect of the mass transfer performance only. 
Table 3.1: Comparison of simulation results before and after mass transfer model modification 
Water 
Perm. 
(mol/ 
m2-s-Pa) 
Air 
Perm. 
(mol/ 
m2-s-Pa) 
SF (-) COP (-) P[2] (kPa) 
Old New %  Diff Old New 
% 
Diff Old New 
% 
Diff 
8.00E-06 2.00E-08 64.7 64.7 0.1% 3.33 2.34 -30% 1.54 0.52 -66% 
8.00E-06 1.60E-08 80.8 80.8 0.1% 3.63 2.53 -30% 1.41 0.49 -65% 
8.00E-06 8.00E-09 161 161 0.4% 4.50 3.04 -32% 1.14 0.40 -65% 
8.00E-06 7.50E-09 171 172 0.3% 4.57 3.10 -32% 1.12 0.40 -64% 
8.00E-06 6.40E-09 201 201 0.4% 4.74 3.20 -32% 1.08 0.39 -64% 
1.20E-05 1.20E-07 11.1 11.1 0.0% 1.40 1.07 -23% 4.85 2.18 -55% 
1.20E-05 1.60E-08 80.7 80.9 0.2% 3.90 2.88 -26% 1.67 0.75 -55% 
1.20E-05 1.50E-08 86.1 86.3 0.2% 4.00 2.94 -26% 1.63 0.73 -55% 
1.20E-05 1.28E-08 100 101 0.2% 4.22 3.10 -27% 1.54 0.70 -55% 
1.20E-05 6.40E-09 201 201 0.4% 5.08 3.69 -27% 1.25 0.59 -53% 
 
 From the results in Table 3.1, it is apparent that the modified mass transfer 
methodology has a very small effect on the separation factor.  In other words, the 
addition of the boundary layer resistances into the mass transfer analysis does not 
appreciably affect the composition of the permeate stream.  In contrast, the latent COP 
for the system is significantly affected by the modification.  For a membrane with a 
water permeance of 8.00∙10-8 mol/m2-s-Pa the percent change in COP is 30-32% and for 
a membrane water permeance of 1.20∙10-5 mol/m2-s-Pa the percent change in COP is 23-
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27%.  An investigation of the simulation outputs showed that the difference between the 
two simulations is the permeate side total pressure at the membrane.  Using the equation 
for the power consumption of an isothermal compressor and the relevant mass transfer 
values, the difference in total system power consumption between the old and new mass 
transfer simulation results was found to be entirely due to the decrease in permeate side 
total pressure at the membrane.  By decreasing the permeate side total pressure at the 
membrane, the pressure rise required across the “compressor” located before the 
condenser is increased which increases the power consumption of the device.  Since the 
separation factor is relatively unchanged and the water mass flow rate in the permeate 
stream is relatively unchanged in order to meet the feed stream outlet condition, the 
power consumption of the vacuum pump and liquid pump located after the condenser is 
relatively constant.  The lower permeate side total pressure at the membrane is required 
due to the added resistance to mass transfer associated with the boundary layer mass 
transfer which will require a larger driving force (i.e. pressure differential) in order to 
obtain the same mass transfer for a given membrane area. 
 To test the validity of neglecting the boundary layer mass transfer resistance on 
the permeate side of the membrane, a few simulations were run where the permeate side 
mass transfer resistance is included.  It is expected that for the simulations where there is 
little (<5%) air in the permeate stream the effect of the mass transfer resistance will be 
negligible; however, in cases where the fraction of air in the permeate stream is greater 
the magnitude of the effect of the resistance is uncertain.  To test both extremes, two air 
permeance values for a water permeance of 1.20∙10-5 mol/m2-s-Pa have been selected for 
comparison: 6.40∙10-9 mol/m2-s-Pa and 1.20∙10-7 mol/m2-s-Pa.  The results are shown 
below in Table 3.2 for the cases with and without the permeate stream mass transfer 
resistance.  For the low air permeance case, the effect of the permeate resistance on the 
COP is a decrease of 1.9%.  This magnitude of change is not negligible but suggests that 
the effect is slightly larger than anticipated.  For the case with the higher air permeance, 
the effect of the resistance is a 4.7% reduction in COP.  In this case the effect is not 
negligible; however, it is not anticipated the effect will greatly alter the conclusions 
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drawn from the results because the cases with high air permeance membranes are not 
expected to meet the target COP.  The change in the permeate side total pressure is also 
shown in Table 3.2 below.  This operating parameter is where the effect of the added 
resistance would be expected to be most apparent.  For both cases, the permeate side 
total pressure decreased in order to meet the outlet condition setpoint with the addition 
of the permeate side mass transfer resistance.  In other words, the driving force for mass 
transfer was increased due to the increase in the mass transfer resistance. 
Table 3.2:Comparison of ideal simulation results with and without permeate stream mass transfer 
boundary layer resistance 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
COP P[2] 
Without 
permeate 
boundary 
layer 
With 
permeate 
boundary 
layer 
% Diff 
Without 
permeate 
boundary 
layer 
With 
permeate 
boundary 
layer 
% Diff 
1.20E-5 1.20E-7 1.07 1.02 -4.7% 2.18 1.81 -17% 
1.20E-5 6.40E-9 3.69 3.62 -1.9% 0.59 0.56 -5.1% 
 
 
3.3 Modified Multi-Component Condenser Simulation Methodology 
Previous versions of the multicomponent condenser model used assumed values 
for the heat transfer coefficients for the cooling water, pipe and condensate film.  These 
assumed values were originally used when the calculation as implemented in EES was 
compared to published example calculations in order to test the validity of the model as 
written.  Following this comparison, the values were retained in order to generate initial 
results for the multicomponent condenser model.  As a result, this model was discussed 
as being the initial model which would later be replaced by a detailed model.  The 
changes described here are part of the changes necessary in order to develop the detailed 
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condenser model.  In addition to the changes to the heat transfer coefficients mentioned 
above, the method for determining the Colburn factor (j) values used in the calculation 
procedure has also been improved.  Also, the design of the condenser in the 
multicomponent model was altered to include two vertical concentric tubes with the 
water vapor and air mixture flowing downward in the interior tube and the cooling water 
flowing upward in the annulus surrounding the interior tube.  Previously, the condenser 
was assumed to be a shell and tube since this is what was used in the example 
calculations used for comparison.  Finally, the method of determining the vapor and 
noncondensable gas mixture viscosity and thermal conductivity was improved. 
The description of the changes to the heat transfer coefficient calculations will 
begin with the cooling water and work towards the condensate layer as shown in Figure 
3.1 below. 
 
Figure 3.1: Schematic of heat transfer from bulk mixed stream flow to bulk cooling water flow 
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First, the cooling water heat transfer coefficient was originally assumed to be 
1,210 Pcu/ft2-h-C (or 6,870 W/m2-K) for all operating conditions.  The heat transfer 
coefficient for the cooling water in the annulus is now calculated based on the specific 
flow regime present in the annulus as determined by the Reynolds number.  If the 
Reynolds number is less than 2,300, the flow is laminar and two different methods may 
be used to calculate the Nusselt number.  The Graetz number at the tube end (GzL, 
defined below in Equation 3.20) is used to determine which method will be used. 
 𝐺𝑧𝐿 = 𝐷ℎ𝐿 ∙ 𝑅𝑒 ∙ 𝑃𝑟 (3.20) 
Where Dh is the hydraulic diameter, L is the pipe length, Re is the Reynolds 
number and Pr is the Prandtl number.  For an annulus the hydraulic diameter is simply 
the difference between the two relevant diameters as shown below in Equation 3.21.  
When working with the annulus, di is the outside diameter of the inner concentric tube 
and do is the inside diameter of the outer concentric tube. 
 𝐷ℎ = 𝑑𝑜 − 𝑑𝑖 (3.21) 
If the Graetz number is less than 20, then the laminar flow is fully developed for 
most of the tube and the Nusselt number value is interpolated from the a table of Nusselt 
number values for annular flow provided in Incropera and DeWitt [21] depending on the 
ratio of the diameters as shown in Table 3.3. 
Table 3.3: Laminar Nusselt number values for fully developed annular flow 
di/do NuD 
0.25 7.37 
0.50 5.74 
1.00 4.86 
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If the Gratz number is greater than 20, the laminar flow is not fully developed for 
enough of the pipe length to use the table values and a correlation provided by Mills [34] 
is used with a modification to account for the annular flow geometry as shown in 
Equation 3.22.   
 𝑁𝑢𝐷 = �3.66 + 0.065∙𝐺𝑧1+0.04∙𝐺𝑧2 3⁄ � � 𝜇𝜇𝑤�0.14 0.86 ∙ �𝑑𝑖𝑑𝑜�−0.16 (3.22) 
If the Reynolds number is greater than 2,300 but less than 10,000, the flow is in 
the transition region.  A correlation provided by Levenspiel [140] which is corrected for 
annular flow as described in Mills [34] is used and is shown in Equation 3.23.   
 𝑁𝑢𝐷 = 0.116 ∙ �𝑅𝑒2 3⁄ − 125� ∙ 𝑃𝑟1 3⁄ ∙ �1 + �𝐷ℎ𝐿 �2 3⁄ � � 𝜇𝜇𝑤�0.14 0.86 ∙ �𝐷𝑖𝐷𝑜�−0.16(3.23) 
If the Reynolds number is greater than 10,000 the flow is turbulent and fully 
developed.  In this case, the Nusselt number is found using the same correlation used for 
the single component condenser model which is presented in Mills [34] and Equation 
3.24 below.  The basic correlation is modified to account for the annular pipe geometry 
as described above. 
 𝑁𝑢𝐷 = � (𝑓 8⁄ )∙(𝑅𝑒𝐷−1000)∙𝑃𝑟1+12.7∙(𝑓 8⁄ )1 2⁄ ∙�𝑃𝑟2 3⁄ −1��0.86 ∙ �𝐷𝑖𝐷𝑜�−0.16 (3.24) 
Where f is the friction factor and is calculated using the Equation 3.25 below. 
 𝑓 = (0.790 ∙ 𝑙𝑛(𝑅𝑒𝐷) − 1.64)−2 (3.25) 
Next, the heat transfer coefficient is calculated for the wall of the inner tube, hp, 
through which the heat is transferred from the water vapor and air mixture to the cooling 
water in the annulus.  This value was originally assumed to be 12,000 Pcu/ft2-h-C (or 
68,140 W/m2-K).  The interior tube material is assumed to be copper with a thickness of 
0.001m (0.039in).  The inside diameter of the interior tube is assumed to be 0.01m 
(0.39in) and the inside diameter of the outer tube is assumed to be 0.015m (0.59in).  
These values were chosen as a starting point and are not based on any standard copper 
tube dimensions; however, the interior tube is similar in size and thickness to a standard 
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3/8in tube and the outer tube is similar to a standard 1/2in tube.  The conductivity, kp, is 
obtained using the internal property function of EES and the heat transfer coefficient is 
then found by simply dividing the conductivity by the tube wall thickness, t, as shown in 
Equation 3.26. 
 ℎ𝑝 = 𝑘𝑝𝑡  (3.26) 
Finally, the heat transfer coefficient for the condensate film on the inside wall of 
the interior tube (hL) is calculated.  This value was originally assumed to be 2,000 
Pcu/ft2-h-C (or 11,360 W/m2-K).  For the first segment of the condenser, this heat 
transfer coefficient is now calculated using Nusselt’s average equation (shown in 
Equation 3.27) for condensation on a vertical plate as modified by Nusselt and 
Rohsenow (separately) and presented in Incropera and DeWitt [21]. 
 ℎ�𝐿 = 0.943 ∙ �𝜌𝑙𝑔(𝜌𝑙−𝜌𝑣)ℎ𝑓𝑔′ 𝐿3𝜇𝑙𝑘𝑙(𝑇𝑠𝑎𝑡−𝑇𝑠) �1 4⁄  (3.27) 
Where ρl is the density of liquid water, ρv is the density of water vapor, g is 
gravitational acceleration constant (9.81 m/s2), μl is the viscosity of liquid water, kl is the 
thermal conductivity of liquid water, Tsat is the saturation temperature at the given 
pressure, Ts is the temperature of the pipe wall, L is the pipe length and h’fg is a modified 
version of the latent heat of vaporization shown in Equation 3.28 below. 
 ℎ𝑓𝑔′ = ℎ𝑓𝑔 + 0.68 ∙ 𝑐𝑝,𝑙 ∙ (𝑇𝑠𝑎𝑡 − 𝑇𝑠) (3.28) 
For the subsequent segments of the condenser, the local heat transfer coefficient 
is calculated using Equations 3.29 and 3.30 below, presented by Stern [52], which are 
based on Nusselt’s local heat transfer coefficient equation but differ slightly from 
Nusselt’s equation. 
 ℎ = �𝑘𝑙3𝜌𝑙2𝑔
3∙𝜇𝑙∙𝑦
�
1 3⁄
 (3.29) 
 𝑦 = 𝑀𝑐𝑜𝑛𝑑
𝜋∙𝑑𝑜
 (3.30) 
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As described above, the initial multicomponent condenser model was for a shell 
and tube configuration.  For this configuration, the chart used to find the Colburn (j) 
factors is very linear when graphed on a logarithmic scale.  For the simple model, a few 
points were graphed and an equation for the j factor value as a function of Reynolds 
number was found and previously presented in Section 2.6.1 above as Equation 2.76.  
The Colburn j-factor is used to calculate the air-water vapor mixture sensible heat 
transfer coefficient (Equation 2.77) and mass transfer coefficient (Equation 2.78).  For 
the new geometry where the water vapor and air mixture is inside a vertical tube, the 
chart method for determining the j factor values is no longer linear.  At low Reynolds 
numbers and high Reynolds numbers, equations are available for determining the j factor 
value, but when the Reynolds number is in the midrange, a graphical method must be 
used.  A subprogram was created in EES which determines if an equation may be used 
and if not, determines the j factor using an interpolation in the midrange.  In the original 
graph, the curve in the midrange is not fully linear, but an interpolation between the low 
and high range endpoints closely approximates the actual curve.  In most cases, the 
Reynolds number will be in the low range and the midrange approximation will not 
affect the results.  The j factor equation for high Reynolds numbers is shown below in 
Equation 3.31 and the equation for low Reynolds numbers is shown below in Equation 
3.34.  In order to use Equation 3.31, the term φ found using Equation 3.32 below must 
be calculated.  This in turn requires the calculation of the Grashof number which is 
shown in Equation 3.33 below. 
 𝑗 = 1.5 ∙ 𝑅𝑒𝑓−2/3 ∙ �𝐿 𝑑𝑖⁄𝜑 �−1 3⁄  (3.31) 
 𝜑 = 𝜇𝑟𝑎𝑡𝑖𝑜 ∙ �1 + 0.015 ∙ 𝐺𝑟1 3⁄ �3 (3.32) 
 𝐺𝑟 = 𝑑𝑖3𝜌2(𝑇−𝑇𝑠)𝑔𝛽
𝜇𝑓2
 (3.33) 
 𝑗 = 0.0007 + 0.065 ∙ 𝑅𝑒𝑓−0.32 (3.34) 
Previously in the initial simulations, constant values for the combined terms in 
Equations 2.77 and 2.78 were used.  For the detailed simulation these combined terms 
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are calculated using the EES property lookup functions for the relevant terms including 
the diffusion coefficient for water vapor in air.  The curve fit data presented by Bolz and 
Tuve [137] which was used in the membrane mass transfer analysis is only valid at or 
near atmospheric pressure.  In the condenser, the total pressure is well below 
atmospheric pressure therefore the data is not relevant to the condenser conditions.  As a 
result, the diffusion value is taken from the library of EES. 
Originally, the mixture viscosity and thermal conductivity were calculated using 
a simple molar average with the molar fractions and the pure component properties at 
the relevant temperature and pressure.  A review of mixture properties in the literature 
turned up a detailed methodology for calculating the averages of the viscosity and 
thermal conductivity for multicomponent mixtures.  For the mixture viscosity, the 
approximate method presented by Wilke [138] and shown above in Equation 3.6 is used.  
For the thermal conductivity, the approximate method presented by Mason and Saxena 
[139] and shown above in Equation 3.8 is used. 
  
3.4 Superheated Mixture Multi-Component Condenser Simulation 
In addition to these model improvements, development of a multicomponent heat 
transfer model capable of accommodating a superheated vapor and noncondensable gas 
mixture at the inlet of the condenser has been undertaken.  Based on previous analysis of 
the compressor heat transfer it was determined that a condenser model capable of 
modeling superheated vapors at the inlet would be necessary.  A literature review of the 
topic found a design procedure published by Bras [50, 51] that was later modified by 
Stern and Votta [53].  Both procedures are very similar to the original Colburn & 
Hougen methodology for saturated vapor at the condenser inlet.  The main difference is 
the use of a graphical method which relies on the cotangent (or tangent) of the operating 
line to determine the outlet condition for each segment of the condenser analyzed.  If the 
conditions inside the condenser reach the point where the vapor becomes saturated, then 
the original Colburn & Hougen calculation procedure is used for the remainder of the 
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condenser length.  Below is a detailed description of the methodology used in EES and 
some example results. 
 
3.4.1 Methodology 
In the work published by Stern and Votta [53], laboratory measurements are 
conducted and the results are compared to the results of the simulation procedure 
outlined in the paper.  In order to assure the validity of the method as implemented in 
EES, the detailed results which formed the basis for the paper were obtained and used 
for comparison.  These details were only available in Stern’s dissertation [52] which was 
the basis for the paper that was mentioned previously.  This was necessary since some 
details were not included in the paper and were found to be very important for successful 
implementation of the methodology. 
As mentioned above, the method outlined by Stern and Votta is based on a 
design procedure first published by Bras.  The Bras procedure is very similar to the 
Colburn & Hougen methodology in many ways but is different in its ability to model 
condensation from superheated mixtures.  When a superheated mixture of vapor and 
noncondensable gas enters the condenser, the vapor begins to condense if the tube wall 
is below the dew point temperature of the gas mixture.  The Bras method follows the 
state of the gas mixture in terms of temperature and vapor pressure as it flows through 
the condenser.  This is accomplished by calculating the cotangent (reciprocal of the 
slope) of the operating line at one point in the condenser in the Bras method.  The 
cotangent is calculated using Equation 3.35 below. 
 𝑑𝑇
𝑑𝑝
= 𝑝𝑔𝑓
𝑝𝑇−𝑝𝑣
�
𝑘
𝑐∙𝜌∙𝐷𝑣
�
2 3⁄ 𝛥𝑇
𝛥𝑝
 (3.35) 
Instead of using the contangent and Equation 3.35 above, Stern and Votta 
utilized the tangent of the operating line and Equation 3.36 below.  The last term in the 
equation below represents the application of the Ackermann correction factor to the 
equation.  The Ackermann correction factor is meant to account for the sensible heat 
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carried by the diffusing vapor.  The correction factor was suggested by both Ackermann 
and Colburn and Drew but is commonly known as the Ackermann correction factor in 
the literature [52, 53]. 
 𝑑𝑝
𝑑𝑇
= (𝑝𝑣−𝑝𝑐)
�𝑇𝑔−𝑇𝑐�
𝐾
ℎ𝑠
𝑐 ∙ 𝑀𝑚(𝑝𝑇 − 𝑝𝑣) 𝑒𝜀−1𝜀  (3.36) 
Where ε is the ratio of the sensible heat transfer by the diffusing vapor to the 
sensible heat transfer from the bulk mixture and is calculated using Equation 3.37 below.  
It is important to note that Equation 3.36 is only valid as long as the mixture remains 
superheated.  Once the mixture reaches the saturation condition, the saturation 
conditions are used to determine the conditions of the mixture for each temperature step 
analyzed.  In Equation 3.37, Wv is the condensation rate per unit area of heat transfer, cv 
is the specific heat of the condensing vapor and hg is the heat transfer coefficient for the 
bulk gas flow. 
 𝜀 = 𝑊𝑣𝑐𝑣
ℎ𝑔
 (3.37) 
The Ackermann correction factor is also applied to the heat balance equation 
from the Colburn & Hougen methodology shown in Equation 2.82.  When the correct 
form of the Ackemann correction factor is applied to the heat balance at the condensing 
interface, the equation is of the form shown below in Equation 3.38. 
 𝐺𝑎𝑠𝑆𝑖𝑑𝑒 = ℎ𝑠 ∙ �𝑇𝑔 − 𝑇𝑐� ∙ 𝜀1−𝑒−𝜀 + 𝐾 ∙ ℎ𝑓𝑔 ∙ (𝑝𝑣 − 𝑝𝑐) = 𝑈∆𝑇 (3.38) 
 Just as before, the value for GasSide is compared to the value for WaterSide (see 
Equation 2.81) until a user defined level of convergence has been reached between the 
two values.  Since the Ackerman correction factor value requires that the condensation 
rate is known, the Ackermann correction factor is calculated after an initial guess 
calculation has been completed and a value for the condensation rate has been found.  
Then, the next time the equations utilizing the Ackermann correction factor are used, the 
previously calculated condensation rate is used.  In other words, in the calculation 
procedure implemented in EES the value of the Ackermann correction factor is one step 
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behind the heat balance equations.  This method will introduce a small amount of error, 
but given the small changes in the Ackermann correction factor that have been observed 
from step to step, the error is very minimal. 
 Once the tangent (dP/dT) has been calculated using Equation 3.36 above, the 
partial pressure of the vapor in the bulk stream for the second temperature step is 
calculated using Equation 3.39 below. 
 𝑃𝑣,𝑛+1 = 𝑑𝑃𝑑𝑇 ∙ �𝑇𝑔,𝑛+1 − 𝑇𝑔,𝑛� + 𝑃𝑣,𝑛 (3.39) 
 To implement this procedure in EES, a new subroutine was created named 
SV_Interval that is very similar to the Repeater2 subroutine used to implement the 
Colburn & Hougen methodology. 
The comparison results in Table 3.4 show that ultimately the EES results are 
relatively close to the Stern and Votta results, those for L averaging 3.7% lower and 
those for the outlet molar fraction of water (Xw) averaging 5.9% higher than the Stern 
and Votta results.  In Table 3.4, the length of the condenser is denoted as L and the water 
molar fraction is denoted as Xw. 
As a part of implementing the superheated mixture condenser simulation 
described above, a method for estimating the temperature of the gases exiting the first 
compressor was also developed.  Up to this point for all of the multicomponent 
condenser simulations both gas compressors (or vacuum pumps) are assumed to operate 
isothermally.  As already shown in the pump heat transfer analysis and from practical 
experience, true isothermal operation is not likely to occur with the real devices without 
the use of intercooling which at this time is not being considered for this system.  To test 
the multicomponent condenser simulation, values were assumed for the exiting mixture 
temperature for the first device located before the condenser.  The assumed values were 
based on the pump heat transfer analysis but in testing the simulation the need for a 
procedure that can calculate the temperature was identified in order to ensure stable 
operation of the simulation procedure.  The calculation procedure is also needed in order 
to more realistically model the system operation since the exiting temperature is 
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somewhat dependent on system operation conditions as well as the heat transfer 
characteristics of the pump. 
Table 3.4: Stern and Votta and EES results comparison results 
Run 
Stern Results EES Results % Difference 
L (calc) X_w (calc) L (calc) X_w (calc) L (calc) X_w (calc) 
m - m - %Error % Error 
1 1.127 0.1188 1.09 0.122 3.2% 2.4% 
2 1.129 0.1611 1.12 0.168 0.9% 4.3% 
3 1.101 0.2983 1.08 0.322 2.2% 7.8% 
4 1.093 0.1252 1.06 0.128 3.2% 2.6% 
5 1.088 0.1246 1.07 0.128 1.6% 2.4% 
6 1.037 0.1254 1.08 0.125 3.6% 0.1% 
7 0.907 0.0617 0.823 0.060 9.2% 3.3% 
8 0.976 0.067 0.92 0.070 5.7% 4.6% 
9 1.020 0.0606 0.94 0.060 7.8% 1.1% 
10 1.038 0.0721 0.97 0.075 6.7% 4.5% 
11 1.021 0.0961 0.99 0.106 3.1% 10.6% 
12 1.078 0.2753 1.07 0.303 0.4% 10.0% 
13 1.088 0.1897 1.09 0.204 0.0% 7.5% 
14 0.996 0.132 0.961 0.160 3.6% 21.0% 
   
Average 3.7% 5.9% 
 
Most real compressors are not isentropic or isothermal and operate using a 
polytropic cycle.  The familiar relationship shown below in Equation 3.40 is commonly 
used to describe polytropic processes where p is the pressure, v is the specific volume 
and n is a constant that can take on any value from negative infinity to positive infinity. 
 𝑝𝑣𝑛 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (3.40) 
 If ideal gas behavior is assumed then the relationship between pressure and 
temperature of the gases shown in Equation 3.41 can be derived where T is the 
temperature of the gas mixture. 
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 𝑇2
𝑇1
= �𝑝2
𝑝1
�
𝑛−1
𝑛  (3.41) 
 In order to utilize Equation 3.41 to estimate the outlet temperature, the outlet 
pressure and the constant n must be known.  For the first compressor, the outlet pressure 
is calculated using the molar fraction of the water vapor and the saturation pressure of 
the water vapor.  For the second compressor, the outlet temperature does not have an 
effect on the system operation beyond the compressor and is therefore not of major 
concern.  There are two methods of easily determining the constant n used in Equation 
3.41.  The first method is to use Equation 3.42 below where ρ is the density of the 
mixture. 
 𝑛 = 𝑙𝑛�𝑝2 𝑝1� �
𝑙𝑛�𝜌2 𝜌1� �
 (3.42) 
 The drawback to using this equation is that the density of the gas mixture at the 
exit of the compressor must be known.  Since the gas mixture is likely to be superheated 
and the temperature of the gas is unknown, this equation is not very helpful.  Another 
method of calculating n is shown in Equation 3.43 below where γ is the specific heat 
ratio and ηpoly is the polytropic efficiency. 
 𝑛−1
𝑛
= 𝛾−1
𝛾
1
𝜂𝑝𝑜𝑙𝑦
 (3.43) 
 By assuming a polytropic efficiency for the device, the exponent in Equation 
3.41 can be directly calculated using Equation 3.43.  The specific heat ratio for the 
mixture is found using the property lookup functions in EES.  The specific heats at the 
entrance to the device are used since the outlet condition is unknown.  The assumption 
of ideal gas behavior is appropriate for the air component of the mixture but is 
problematic for the water component of the mixture since it is much closer to the 
saturation condition.  Despite this limitation, the assumption is used because of its 
simplicity and the fact that the actual device will likely have an output temperature that 
is dependent on the specific device chosen.  Given the potential impact of the other 
unknowns, the error induced by the ideal gas assumption is acceptable for an estimate of 
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the exiting temperature.  Since the compression is no longer assumed to be isothermal, 
the equation used to calculate the compressor work is also different as shown in 
Equation 3.44 below. 
 𝑊𝑝𝑜𝑙𝑦 = 𝑅 ∙ 𝑇 ∙ � 𝑛𝑛−1� ��𝑝2𝑝1�1−1𝑛 − 1� (3.44) 
 
3.4.2 Simulation Results 
 The results of the multicomponent condenser simulation modified as described in 
this chapter are compared to the results of the basic multicomponent condenser 
simulation presented in the previous chapter.  Four membrane characteristic sets were 
used for analysis in a number of sections of the previous chapter; therefore, the same 
membrane characteristic sets will used for comparison.  Additionally, the membrane 
characteristic sets used above in discussing the modifications to the mass transfer model 
will also be used.  These additional membrane characteristics were chosen because they 
represent the actual membrane performance characteristics measured by the materials 
development team in the laboratory.  Using these characteristics will present a more 
accurate assessment of the system’s true performance potential. 
 For all of the results presented below in Table 3.5, the feed stream input 
condition is 90°F and 90% relative humidity and the outlet condition is 55°F and 50% 
relative humidity with a feed air flow rate of 85 CFM.  The COP values presented 
represent the performance of the membrane dehumidification portion of the system only.  
All simulations assume a cooling tower approach of 0°F due to the high wet bulb 
temperature associated with the ambient conditions chosen.  For the basic simulations 
the compressors are assumed to operate isothermally but for the modified simulations 
the outlet temperature of the compressors is calculated as described above using the 
polytropic compression relationship.  The condenser for the modified simulations 
consists of 15 - 3ft long tubes.  The modified membrane mass transfer methodology was 
used along with the modified condenser simulation to calculate the new results below. 
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Table 3.5: Comparison of simulation results for basic and detailed models 
Case 
# 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Am (m2) COP 
Old New Old New %Diff 
1 8.00E-06 5.33E-08 6.0 10 1.45 1.51 4% 
2 1.20E-05 1.20E-07 6.0 10 1.26 1.16 -8% 
3 4.00E-06 1.00E-08 12 20 1.85 2.09 13% 
4 8.00E-06 2.00E-08 6.0 10 1.85 2.08 13% 
5 8.00E-06 1.60E-08 -- 10 -- 2.22 -- 
6 8.00E-06 8.00E-09 -- 10 -- 2.73 -- 
7 8.00E-06 7.50E-09 -- 10 -- 2.78 -- 
8 8.00E-06 6.40E-09 -- 10 -- 2.92 -- 
9 1.20E-05 1.60E-08 -- 10 -- 2.31 -- 
10 1.20E-05 1.50E-08 -- 10 -- 2.36 -- 
11 1.20E-05 1.28E-08 -- 10 -- 2.48 -- 
12 1.20E-05 6.40E-09 -- 10 -- 3.06 -- 
 
 When only the effects of the modified mass transfer methodology were 
considered earlier in this chapter, the COP was found to decrease due to the added 
resistance to mass transfer associated with the boundary layer on the feed side of the 
membrane.  As seen above in Table 3.5, when the modified condenser analysis and the 
modified mass transfer analysis are both included the COP of the system is found to 
increase for all but one case despite the negative effects on the COP due to the added 
mass transfer resistance.  The exception is case 2 where the COP decreases by 8% due to 
the combination of the increase of the membrane area and the exceptionally high air 
permeance value used in this case.  If the same membrane area of 6.0 m2 used with the 
old simulation is used with the new simulation then the COP increases to 1.32.  This 
would be a 5% increase in the COP from the old to the new result with the smaller area 
(6.0 m2).  For comparison, for case 1 if the old area is used with the new simulation the 
COP increases to 1.61 which is an 11% increase over the COP of the old simulation.  
The change in the COP is not as great for case 1 because in case 2 there is over twice as 
much air in the permeate stream.  For case 3 and case 4 if the old area is used with the 
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new simulation the percent difference in the COP increases to 17% and 15%, 
respectively.  For both of these cases the change in the COP is not as large as in case 2 
because there is 5 to 6 times as much air in the permeate stream for case 2 as compared 
to both cases 3 and 4.  For all of the cases, the permeate air flow rate for the new 
simulation was 60-66% greater than the permeate air flow rate of the old simulation.  
Since the power consumption of the latent cooling system is very dependent on the 
permeate air flow rate, the negative effect of increasing the permeate air flow rate is 
greater for case 2 than the other two cases where the other positive effects are large 
enough to cause an overall increase in the COP. 
One of the main differences between the initial and detailed simulations is the 
superheated condition of the permeate stream entering the condenser.  In the literature it 
was found that the heat transfer and condensation rate in a multi-component condenser is 
enhanced when the entering gas-vapor mixture is superheated versus if it is saturated at 
the entrance.  Since the mixture is now superheated, part of the increase in COP can be 
attributed to this change in assumptions and methodology.  The remaining difference in 
the COP is likely due to the more accurate assessment of the heat transfer resistances in 
the condenser and the improved performance of the new condenser geometry.  The 
initial simulation used constant values for the heat transfer resistances in the condenser 
which were not related to the actual operating conditions of the condenser.  The detailed 
simulations utilize the operating conditions of the condenser to calculate the heat transfer 
resistances as the operating conditions change and as the conditions change from the 
inlet to the outlet of the condenser. In the literature, the most common condenser 
geometry is the concentric tubes used in the detailed simulations instead of the shell and 
tube geometry used in the initial simulations.  All together these changes likely account 
for the increase in COP shown in the comparison results for all cases except case 2.  Just 
as with the basic simulation results, the results of the simulations using the detailed 
model also indicate that some system improvements will be necessary in order to meet 
the target performance for the dehumidification portion of the system. 
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3.5 System Optimization Results 
 Similar to the approach taken with the results in the previous section, the results 
presented here for the system optimization simulations will use the same membrane 
characteristics used for the similar analysis in the previous chapter with the addition of 
two more characteristic sets.  For all of the simulation results presented below, the inlet 
feed air condition is 90°F and 90% relative humidity and the outlet condition is 55°F and 
50% relative humidity with a feed air flowrate of 85 CFM and a cooling tower approach 
temperature of 0°F.  The COP results are for the membrane dehumidification portion of 
the system only. 
 First, the condenser pressure optimization results are presented below in Table 
3.6.  The total pressure entering the condenser is calculated so that the partial pressure of 
the water vapor is equal to the saturation pressure at the outdoor air dry bulb 
temperature.  This pressure value is then multiplied by the pressure factor value shown 
below to find the actual condenser entering total pressure. 
Based on these results, the single membrane segment system is capable of 
meeting the latent system COP target of 3.34 for the membrane characteristics with the 
highest water permeance and the lowest air permeance.  For the air permeance of 
0.64∙10-8 mol/m2-s-Pa the COP of 3.70 is well above the target value; however, it was 
determined that there is still a need for further system improvement and the use of the 
multiple membrane segment optimization presented using the initial simulations. 
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Table 3.6: Pressure optimization simulation results 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) COP 
Pressure 
Factor 
Condenser 
Pressure 
(kPa) 
8.00E-06 5.33E-08 10 1.71 2.1 19.4 
1.20E-05 1.20E-07 10 1.23 1.9 27.6 
4.00E-06 1.00E-08 20 2.55 1.7 11.0 
8.00E-06 2.00E-08 10 2.54 1.9 12.3 
8.00E-06 1.60E-08 10 2.73 1.7 10.5 
8.00E-06 8.00E-09 10 3.35 1.6 8.78 
8.00E-06 7.50E-09 10 3.40 1.6 8.72 
8.00E-06 6.40E-09 10 3.53 1.5 8.03 
1.20E-05 1.60E-08 10 2.88 1.6 9.85 
1.20E-05 1.50E-08 10 2.95 1.7 10.3 
1.20E-05 1.28E-08 10 3.08 1.5 8.83 
1.20E-05 6.40E-09 10 3.70 1.8 9.64 
1.20E-05 6.40E-10 10 5.16 1.1 5.36 
1.20E-05 6.40E-11 10 5.55 1.0 5.34 
  
Prior to simulating the multiple membrane segment system optimizations using 
the multi component condenser model, the simulations were conducted using the ideal 
condenser model.  This was done in order to assess the potential efficiency gains from 
the optimization as well as utilize the much simpler and faster ideal condenser model 
simulation to determine the combination of membrane module areas that yield the 
maximum overall system COP.  The ideal condenser simulation results for a single 
membrane segment and five membrane segments are presented below in Table 3.7 along 
with a ratio of the multiple segment results to the single segment results.  These results 
are also presented in graphical form for the simulations with a water permeance of 
1.20∙10-5 mol/m2-s-Pa in Figure 3.2. 
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Table 3.7: Multiple membrane segment simulation results for ideal condenser 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Ideal 
Single 
Segment 
COP 
Ideal 
Five 
Segment 
COP 
COP 
Ratio 
8.00E-06 5.33E-08 2.05 2.20 1.07 
1.20E-05 1.20E-07 1.38 1.66 1.20 
4.00E-06 1.00E-08 3.31 3.77 1.13 
8.00E-06 2.00E-08 3.29 3.78 1.15 
8.00E-06 1.60E-08 3.59 4.13 1.15 
8.00E-06 8.00E-09 4.44 5.37 1.21 
8.00E-06 7.50E-09 4.51 5.50 1.22 
8.00E-06 6.40E-09 4.67 5.80 1.24 
1.20E-05 1.60E-08 3.86 4.76 1.23 
1.20E-05 1.50E-08 3.95 4.87 1.23 
1.20E-05 1.28E-08 4.17 5.17 1.24 
1.20E-05 6.40E-09 5.02 6.44 1.28 
1.20E-05 6.40E-10 6.01 10.1 1.68 
1.20E-05 6.40E-11 5.97 11.9 2.00 
 
 
Figure 3.2: COP results for ideal single and five segment membrane systems with water permeance of 
12·10-6 mol/m2-s-Pa 
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One item of note in the ideal simulation results is that for the single membrane 
segment results the COP actually decreases slightly as the air permeance decreases from 
6.40∙10-10 mol/m2-s-Pa to 6.40 ∙10-11 mol/m2-s-Pa which is opposite of the trend shown 
in Figure 3.2 where the COP increases as the air permeance decreases for a given water 
permeance.  This decrease in COP is the result of an increase in the pressure differential 
of the water vapor across the compressor due to the decrease in the air molar fraction in 
the permeate stream caused by the very low air permeance.  For a constant set of inlet 
and outlet setpoint conditions the water vapor flow rate in the permeate will be the same 
for all membrane characteristic sets because the amount of water vapor that must be 
removed by the membrane module is the same.  The only variable in the permeate 
stream composition is the amount of air which is passed through the membrane.  In the 
ideal simulations, the outlet total pressure of the compressor is set so that the partial 
pressure of the water vapor exiting the compressor is equal to the saturation pressure at 
the given temperature.  The ideal simulations assume isothermal compression which 
means the temperature at the compressor outlet is the same for all simulations; therefore, 
the partial pressure of the water vapor exiting the compressor is the same for all 
simulations (5.06 kPa).  As the air permeance decreases the molar fraction of water 
vapor in the permeate increases and the total pressure of the permeate stream must be 
decreased so that the necessary amount of water vapor is removed by the membrane 
module.  The partial pressure of the water vapor at the compressor inlet as the air 
permeance changes is shown below in Figure 3.3.  The figure shows that as the air 
permeance decreases the partial pressure difference from the compressor inlet (P_w[2]) 
to the compressor outlet (P_w[3]) increases.  Since the water flow rate in the permeate is 
constant, an increase in the water vapor partial pressure difference across the compressor 
increases the work of the compressor. 
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Figure 3.3: Partial pressure difference of water vapor in permeate at compressor inlet and exit for ideal 
simulation 
The air in the permeate must be compressed as a gas from the partial pressure at 
the permeate side of the membrane to atmospheric pressure.  In the ideal simulations, the 
water must be compressed as a vapor from the partial pressure at the permeate side of 
the membrane to the partial pressure at the compressor inlet.  The only other work 
associated with the system operation is that required to compress liquid water up to 
atmospheric pressure from the partial pressure at the compressor outlet.  Since the water 
molar flow rate in the permeate is constant and the pressure differential across the liquid 
pump is constant so is the work associated with this device.  As a result, the total work 
shown below in Figure 3.4 includes only the work of the compressor and vacuum pump.  
As the air permeance decreases and the air flow rate in the permeate decreases the work 
associated with compressing the air greatly decreases as shown below.  At the two 
lowest air permeance values shown, the air compression work is essentially zero and the 
total work is only the water vapor compression work.  Since the partial pressure 
difference of the water vapor increases as the air permeance decreases so does the total 
work of the system.  As the total system work increases the system COP decreases for 
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the same amount of cooling.  The partial pressure difference change is very small; 
therefore, so is the difference in the work input and the COP. 
 
Figure 3.4: Compression work of gas and vapor for ideal simulation 
When the ideal results presented in Table 3.7 are compared to the ideal results 
presented in Table 3.1 the COP of the system seems to have increased from one ideal 
simulation to the next.  In order to present a valid comparison, the membrane module 
geometry used in the original ideal results was also used in the new results in Table 3.1.  
Following this earlier analysis, changes were made to the membrane module geometry 
including an increase in the width of the module channel from 0.01m to 0.1m and a 
decrease in the number of channels from 40 channels to 6 channels.  Following these 
changes, the COP results increased as seen in Table 3.7.  Due to the changes in the 
membrane analysis assumptions, the effect of neglecting the permeate side mass transfer 
resistance was revisited to asses the effect on the conclusions.  The same two membrane 
property sets used in Table 3.2 are used for the results shown in Table 3.8 below.  Unlike 
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permeate stream mass transfer resistance is negligible for both high and low air 
permeance values with only a 0.3% decrease in the COP for the higher air permeance 
simulation. 
Table 3.8: Comparison of ideal simulation results with and without permeate stream mass transfer 
boundary layer resistance with modified geometry 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
COP P[2] 
Without 
permeate 
boundary 
layer 
With 
permeate 
boundary 
layer 
% Diff 
Without 
permeate 
boundary 
layer 
With 
permeate 
boundary 
layer 
% Diff 
1.20E-5 1.20E-7 1.48 1.48 -0.3% 4.69 4.66 -0.6% 
1.20E-5 6.40E-9 5.46 5.46 0.0% 1.21 1.21 0.0% 
 
Next, the results for the multiple membrane segment simulations are presented 
below in Table 3.9.  The membrane characteristics are the same as those in the previous 
section of this chapter in discussing the effects of the modified mass transfer model.  The 
cooling tower approach for the results in Table 3.9 is 0°F. 
Based on the results presented below, numerous membrane property sets area 
capable of meeting the latent only goal COP or 3.34 for the system using both the 
multiple membrane segments and condenser pressure optimizations.  In this case, some 
of the membrane property sets which represent performance measured in the lab meet 
the latent only target COP.  Also worth noting is that the COP increases as the air 
permeance decreases for all values of the water permeance.  This demonstrates the 
performance gains possible from continued membrane development. 
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Table 3.9: Multiple membrane segments with pressure optimization simulation results 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Am1 
(m2) 
Am2 
(m2) 
Am3 
(m2) 
Am4 
(m2) 
Am5 
(m2) 
AmTotal 
(m2) COP 
8.00E-06 5.33E-08 1.0 1.0 1.0 2.0 2.0 7.0 1.86 
1.20E-05 1.20E-07 1.0 1.0 1.0 2.0 2.0 7.0 1.43 
4.00E-06 1.00E-08 3.0 3.0 3.0 4.0 5.0 18 2.80 
8.00E-06 2.00E-08 1.0 1.0 1.0 2.0 2.5 7.5 2.84 
8.00E-06 1.60E-08 1.0 1.0 1.5 2.0 2.0 7.5 3.06 
8.00E-06 8.00E-09 1.5 1.5 2.0 2.5 3.0 10.5 3.87 
8.00E-06 7.50E-09 1.5 1.5 2.0 2.5 3.0 10.5 3.96 
8.00E-06 6.40E-09 1.5 1.5 2.0 2.0 4.0 11 4.16 
1.20E-05 1.60E-08 1.0 1.0 1.0 2.0 2.0 7.0 3.46 
1.20E-05 1.50E-08 1.0 1.0 1.0 2.0 2.0 7.0 3.27 
1.20E-05 1.28E-08 1.0 1.0 1.0 2.0 2.0 7.0 3.75 
1.20E-05 6.40E-09 1.5 1.5 1.5 2.0 2.0 8.5 4.59 
1.20E-05 6.40E-10 3.0 4.0 4.0 4.0 5.0 20 7.54 
1.20E-05 6.40E-11 4.0 4.0 4.0 4.0 5.0 21 10.1 
 
 All of the results presented above are for an ideal cooling tower with an approach 
temperature of 0°F.  This is an ideal case which was used to allow for a comparison with 
previous results which also used this assumption.  Below are results for a select number 
of the simulations discussed above using a more realistic cooling tower approach of 5°F.  
The use of a higher cooling tower approach temperature will increase the cooling water 
temperature in the condenser which decreases the driving force of the heat transfer and 
therefore less water is condensed in the condenser.  Condensing less water will increase 
the power consumption of the vacuum pump and decrease the system COP as shown 
below. 
 The results for the single membrane segment simulations are presented below in 
Table 3.10.  Just as in the ideal case, the COP generally increases as the air permeance is 
decreased.  This trend can be seen in Figure 3.5 below where the COP results for the 
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ideal case, the 0°F approach detailed simulation and the 5°F approach detailed simulation 
are presented in graphical form for a water permeance of 1.20∙10-5 mol/m2-s-Pa. 
Table 3.10: Cooling tower approach of 5°F detailed simulation results 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) COP 
8.00E-06 2.00E-08 10 1.91 
8.00E-06 1.60E-08 10 2.00 
8.00E-06 8.00E-09 10 2.29 
1.20E-05 1.20E-07 10 1.15 
1.20E-05 1.28E-08 10 2.18 
1.20E-05 6.40E-09 10 2.47 
1.20E-05 6.40E-10 10  4.03 
1.20E-05 6.40E-11 10 5.07 
 
The results for the condenser pressure optimization simulations are presented 
below in Table 3.11.  Just as for the single segment results with no system optimizations, 
when the condenser pressure optimization is included the COP increases as the air 
permeance decreases for all air permeance values.  The maximum COP for the 
condenser pressure optimization is 5.17 but this result requires a membrane performance 
that is beyond those which have been measured in the lab to date.  As a result, it was 
determined that there is still a need for further system improvement and the use of the 
multiple membrane segment optimization.  The results for a water permeance of 1.20∙10-
5 mol/m2-s-Pa and a cooling tower approach temperature of 5°F with pressure 
optimization, without pressure optimization and the ideal simulation are presented 
together in Figure 3.6 below. 
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Figure 3.5: COP results for water permeance of 1.2·10-5 mol/m2-s-Pa for ideal, 0°F approach and 5°F 
approach detailed simulations 
Table 3.11: Cooling tower approach of 5°F detailed simulation results with pressure optimization 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) COP 
Pressure 
Factor 
Condenser 
Pressure 
(kPa) 
8.00E-06 2.00E-08 10 2.48 2.0 14.0 
8.00E-06 1.60E-08 10 2.67 1.8 12.0 
8.00E-06 8.00E-09 10 3.21 1.5 8.91 
1.20E-05 1.20E-07 10 1.22 1.8 28.3 
1.20E-05 1.28E-08 10 3.00 1.6 10.2 
1.20E-05 6.40E-09 10 3.60 1.6 9.27 
1.20E-05 6.40E-10 10 4.81 1.2 6.33 
1.20E-05 6.40E-11 10 5.17 1.1 5.74 
 
 
0
1
2
3
4
5
6
7
1.00E-11 1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06
CO
P 
Membrane Air Permeance (mol/m2-s-Pa) 
0F Approach 5F Approach Ideal
 
 
138 
 
 
Figure 3.6: Water permeance of 1.2·10-5 mol/m2-s-Pa and cooling tower approach of 5°F detailed results 
for with pressure optimization, without pressure optimization and ideal simulations 
 The results for the multiple membrane segment simulations including condenser 
pressure optimization are presented below in Table 3.12.  The results of the multiple 
membrane segment simulations for both values of the cooling tower approach are 
presented in Figure 3.7 below for a water permeance of 1.20∙10-5 mol/m2-s-Pa.  For both 
approach values, the COP for the system continues to increase as the air permeance 
decreases.  Increasing the approach temperature decreases the COP from 1-20%.  As can 
be seen in Figure 3.7, the decrease in COP is larger for the lower air permeance value 
cases.  All but one of the simulation sets presented below with a cooling tower approach 
of 5°F and water permeance of 1.20∙10-5 mol/m2-s-Pa meets the latent system target COP 
of 3.34.  The results of the multi-component condenser multiple membrane segment 
analysis may not show the exact same smooth behavior in the real case as in the ideal 
case because the areas for the different membrane segments have been determined via a 
manual guess and check procedure.  As a result, there is the potential for further 
optimization of the area input which might account for some of the variation in the COP 
results. 
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Table 3.12: Cooling tower approach of 5°F detailed simulation results with multiple membrane segments 
and pressure optimization 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Am1 
(m2) 
Am2 
(m2) 
Am3 
(m2) 
Am4 
(m2) 
Am5 
(m2) 
AmTotal 
(m2) COP 
8.00E-06 2.00E-08 1.0 1.0 1.0 2.0 2.5 7.5 2.77 
8.00E-06 1.60E-08 1.0 1.0 1.5 2.0 2.0 7.5 2.97 
8.00E-06 8.00E-09 1.5 1.5 2.0 2.5 3.0 10.5 3.64 
1.20E-05 1.20E-07 1.0 1.0 1.0 2.0 2.0 7.0 1.42 
1.20E-05 1.28E-08 1.0 1.0 1.0 2.0 2.0 7.0 3.60 
1.20E-05 6.40E-09 1.5 1.5 1.5 2.0 2.0 8.5 4.37 
1.20E-05 6.40E-10 3.0 4.0 4.0 4.0 5.0 20 6.07 
1.20E-05 6.40E-11 4.0 4.0 4.0 4.0 5.0 21 8.24 
 
 
Figure 3.7:Multiple membrane segment results for water permeance of 1.2·10-5  mol/m2-s-Pa and cooling 
tower approach (A) values of 0°F and 5°F and ideal simulation 
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 All of the detailed simulation results presented above share a few features which 
allow for some variability in the results.  First of all, the iterative condenser analysis 
approach used calculates the condenser area and the temperature change of the cooling 
water to within ±5% of the setpoint values.   This convergence limit allows for some 
variability in the results.  More importantly is the convergence of the calculated heat 
transfer values on both sides of the condensate interface (denoted as WaterSide and 
GasSide in Equations 2.81 And 2.82, respectively) which are a part of the Colburn & 
Hougen methodology.  In the initial simulations, the difference between the two values 
was often as great as 20% or even sometimes as large as 50% of the average of the two 
values.  This was likely due to the assumed heat transfer coefficients which did not 
reflect the actual condenser operating conditions.  In the detailed simulations, the 
difference between the two calculated heat transfer values is less than 5% of the average 
and very often less than 1% of the average.  This improved convergence means the 
calculated condenser heat transfer area is likely more accurate since the average of the 
two values is used to calculate the area. 
 
3.6 Summary 
 In this chapter, a detailed system simulation using a multicomponent condenser 
model has been developed and utilized to assess the latent system performance.  First, 
the mass transfer model was modified to include the effects of the mass transfer 
boundary layer that develops along the membrane as the feed air moves across the 
membrane surface and water vapor is removed.  The addition of the added mass transfer 
resistance reduced the overall COP of the system because the added resistance means the 
permeate side total pressure must be lower which increases the power consumption of 
the compressor. 
 Second, the assumptions for the heat transfer coefficients in the condenser that 
were used in the initial simulation were replaced by correlations which calculate the heat 
transfer coefficients depending on the given operating conditions. Similarly, two 
 
 
141 
 
constants that were used in the initial condenser simulations are now calculated using the 
property data for the relevant parameters in the equation.  Making these changes 
increased the level of convergence for the two heat transfer values that are compared in 
the methodology which means the reliability of the calculations has been improved.  
Also, in the initial simulations the condenser was analyzed as a shell and tube type 
device.  In the detailed simulation the condenser is analyzed as a group of concentric 
tubes of similar length with the vapor-gas mixture flowing downward in the inner tube 
and the cooling water flowing upward in the annulus. 
 Third, the initial procedure was written based on the assumption that the vapor-
gas mixture entering the condenser was saturated.  The procedure was modified so that 
the simulation is now capable of analyzing the case where the vapor-gas mixture is 
superheated at the condenser inlet.  This was necessary in order to accurately assess the 
change in performance from the condenser pressure optimization modification analyzed 
in the previous chapter. 
 Finally, the performance of the system when the system optimizations are 
included was assessed in order to determine whether the system is capable of meeting 
the performance goals.  The results indicate that for membrane performance 
characteristics which have been measured in the laboratory, the system is capable of 
meeting the performance goals set at the outset of this research. 
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CHAPTER IV 
COMBINED SYSTEM SIMULATIONS 
 
4.1 Introduction 
 In order to meet the desired outlet conditions, the membrane dehumidification 
system must be combined with another system which is capable of providing sensible 
cooling.  The focus of the preceding chapters has been on the development and 
implementation of the membrane dehumidification, latent cooling only portion of the 
system.  The sensible cooling can be accomplished using conventional technologies such 
as a common vapor compression system or an evaporative cooler.  Separate simulation 
models have been developed for a complete system using both of these conventional 
technologies.  The methodologies and results of these combined system models are 
discussed in this chapter. 
 
4.2 Membrane Dehumidification and Vapor Compression Cooling 
In modeling terms, the simplest system combination is to follow the membrane 
dehumidification device with a conventional vapor compression refrigeration device for 
sensible only cooling.  To obtain realistic results, a method must be employed for 
estimating the performance (i.e. the COP) of the vapor compression refrigeration device 
at different inlet condenser and evaporator air conditions.  In the absence of detailed 
performance data for a specific system, a general methodology was sought that would 
accurately model a typical system’s performance.  After reviewing a few options, the 
methodology employed in the DOE/ORNL Heat Pump Design Model was chosen [141].  
For this analysis the Mark V Version of the web model is utilized. 
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 4.2.1 Simulation Methodology 
The methodology chosen for modeling a vapor compression cycle cooling 
system was developed by Oak Ridge National Laboratory (ORNL) for the Department 
of Energy.  The model is intended to be a research tool for industry and academia.  The 
simulation is a steady-state analysis of conventional air-to-air heat pumps and air 
conditioners that can be used with a variety of refrigerants.  The compressor model is 
empirically derived while the heat transfer models are first-principle models using the 
effectiveness-NTU method to evaluate heat exchanger performance. 
The original model is based on three independent simulation programs developed 
at the Massachusetts Institute of Technology Heat Transfer Laboratory (referred to as the 
MIT model) [142].  Since it was first developed, the program has evolved to include 
more detailed models of system components as well as allow for the simulation of new 
replacement refrigerants.  The compressor model used in the ORNL analysis is not the 
original MIT model but the evaporator and condenser models are unchanged from the 
original MIT model.  The original ORNL simulation is written in the FORTRAN 
programming language.  In order to make the simulation easier to use, a web interface 
was developed which is intended to allows users to easily enter details of the system to 
be analyzed without detailed knowledge of FORTRAN. 
For this analysis, a commercially available packaged unit was chosen as a basis 
for the analysis and then the details of the packaged unit’s design were input into the 
DOE/ORNL simulation web interface for analysis [143].  The inputs for the DOE/ORNL 
simulation are quite detailed and require more knowledge about the details of the system 
operation than is available for the commercially available system chosen.  That being 
said, the available design information includes the most important details so that the use 
of simulation default values where the required information is unavailable should not 
greatly affect the resulting performance results.  The commercially available system 
chosen for analysis is manufactured by Carrier and is known as the 48XL/48XLN 
Infinity 15 SEER single-packaged air conditioner and gas furnace system with Puron (R-
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410A) refrigerant with a nominal capacity of 2-5 tons cooling.  The specific system 
chosen is the 2 ton 024040 model with a cooling capacity of 22,600 Btu/hr and a SEER 
rating of 15.5.  The standard supply air flow rate for this system ranges from 800 to 600 
CFM for high and low stage cooling, respectively.  The remaining system details are 
included in the description of the DOE/ORNL simulation inputs outlined below. 
The inputs for the DOE/ORNL Mark V Version web based simulation engine 
begin with general system information including the cooling mode (heat pump versus air 
conditioner), the heating mode and the refrigerant used in the system.  For this system, 
the air conditioner cooling mode and refrigerant R-410A are chosen.  The heating mode 
input is left blank since the membrane combined system analysis is not concerned with 
heating the air after leaving the membrane module.  Next, the user must specify how the 
refrigerant charge balance will be input.  The refrigerant charge can either be calculated 
or input directly by the user.  For this analysis, the refrigerant charge will be calculated 
and the compressor inlet superheat and the condenser exit subcooling or flow control 
requirements will be specified.  The refrigerant superheat at the compressor inlet is 
assumed to be 20°F (the default value).  For the flow control device, the manufacturer 
information indicates the system utilizes a 2 ton thermostatic expansion valve (TXV); 
therefore, the thermostatic expansion valve option is selected in the web interface.  For 
the simulation required details of the TXV, only the rated capacity is known (2 ton).  For 
the other inputs the default values are used.  These parameters include the static 
superheat setting for the TXV (6.0°F), the TXV superheat at rating conditions (11.0°F) 
the maximum effective operating superheat (13.0°F) and the TXV bypass or bleed factor 
(1.15).  For this analysis, the TXV nozzle and tube pressure drop calculations are not 
included. 
Next, the user must specify if preconfigured compressor map representations or 
user-specified compressor map representations will be utilized in the simulation.  Given 
a lack of detailed testing data for the compressor alone, the preconfigured compressor 
map representation is used in this analysis.  For a system using refrigerant R-410A three 
options are available for preconfigured performance map selection.  Two options are for 
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scroll compressors and one is for a reciprocating compressor.  The specific equipment 
chosen utilizes a two stage scroll compressor; therefore, only these two options were 
considered.  The first option has an energy efficiency ratio (EER) of 10.6 and a capacity 
of 26,000 Btu/hr.  The second option has an EER of 9.8 with a capacity of 36,200 
Btu/hr.  Since the EER and capacity of the chosen system are a closer match to the first 
option, the compressor map for the first device is chosen for analysis.  For the 
compressor map, the user can input the actual rated EER, cooling capacity and inlet 
condition or use the original compressor defaults.  For this analysis, the actual rated EER 
(11.4) and cooling capacity (22,600 Btu/hr) are used as inputs.  The default value of 
20°F superheat is used for the rated compressor inlet condition.  If known, the user can 
also specify the compressor total discplacement, nominal speed and motor size.  For this 
analysis the default values are used for these inputs.  Next the user can specify the 
calibration level and scaling for the compressor performance results.  The user can also 
choose to scale the system performance.  For this analysis, the calibration factors are all 
set to 1.0 and the compressor performance is scaled to match the manufacturer listed 
EER and capacity with no scaling of the overall system performance.  Finally, the user 
must specify the compressor application conditions including the saturation temperatures 
on the suction and discharge sides of the compressor as well as how the heat loss from 
the compressor will be determined.  For this analysis the default values of 45°F for the 
suction saturation temperature and 125°F for the discharge saturation temperature are 
used.  Also, the compressor shell heat loss is chosen to be calculated instead of specified 
directly by the user. 
Following the detailed inputs concerning the compressor operation, the user must 
specify the operating conditions and details of the indoor fan and coil.  First, the 
evaporator inlet dry bulb temperature is input as 90°F since the latent cooling provided 
by the membrane dehumidification device does not affect the dry bulb temperature of the 
air and the analysis is focused on the ARPA-E outdoor air conditions.  Second, the wet 
bulb temperature corresponding to a 90°F dry bulb temperature and a humidity ratio of 
0.004565 kgw/kga is input to specify the humidity condition of the inlet air (Twb=60.6°F).  
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Next, the fan CFM and power consumption are input by the user.  The manufacturer 
details denote a range of 800 to 600 CFM of air depending on the operating stage.  In 
order to obtain the desired outlet dry bulb temperature (55°F) the airflow must be input 
as 623 CFM.  The evaporator fan motor is listed by the manufacturer as 1/2 hp; 
therefore, the fan power is entered directly as 375 W.  The duct sizing is set so that the 
pressure loss will equal 0.15 in. water.  Many of the details of the heat exchanger 
configuration required by the simulation are not provided in the manufacturer data.  As a 
result, the default values will be used when the actual value is unknown.  The details 
provided by the manufacturer include the face area of the evaporator coil (3.7 ft2), the 
number of rows in the coil (3) and the fin spacing of the coil (17 fins/inch).  The 
remaining inputs and the default value used for each are listed below in Table 4.1. 
Table 4.1: Detailed evaporator coil inputs 
Outside diameter of tubes 0.3325 in 
Tube wall thickness 12 mills 
Tube material Cu 
Tube vertical spacing 1.0 in 
Tube horizontal spacing 0.625 in 
Number of tubes per row 27 
Number of parallel circuits 6 
Fin thickness 10 mills 
Fin material Al 
Fin type Smooth 
 
The required detailed information describing the condenser coil is very similar to 
that required for the evaporator coil.  Again, where details are not available from the 
manufacturer, the simulation default values are used.  First, the condenser operating 
conditions are input based on the ARPA-E operation conditions (90°F dry bulb; 
90%RH).  The manufacturer data includes the airflow rate (2700 CFM), fan motor size 
(1/8 hp = 100 W), condenser coil face area (13.6 ft2), the number of coil rows (2) and the 
fin spacing (21 fins/inch).  The remaining details of the condenser coil used default 
values which are listed below in Table 4.2. 
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Table 4.2: Detailed condenser coil inputs 
Outside diameter of tubes 0.395 in 
Tube wall thickness 12 mills 
Tube material Cu 
Tube vertical spacing 1.0 in 
Tube horizontal spacing 0.866 in 
Number of tubes per row 24 
Number of parallel circuits 3 
Fin thickness 5 mills 
Fin material Al 
Fin type Smooth 
 
 The user can specify how the heat loss from the compressor, indoor fan and 
outdoor fan are accounted for in the simulation.  For this analysis, the heat loss from the 
motors is not included in the calculations for either the fan or the compressor. 
 Next the user must specify the details of the refrigerant lines.  Given a lack of 
details concerning the installation of the system, default values are used for all inputs in 
this section.  The default values are considered conservative estimates in this case since 
they are likely to overestimate the pressure and heat loss due to the refrigerant lines.  The 
inputs for this section are shown below in Table 4.3. 
Table 4.3: Refrigerant line inputs 
Liquid line to expansion valve thickness 32 mils 
Liquid line to expansion valve length 30 ft 
Suction from indoor coil thickness 35 mils 
Suction from indoor coil length 35 ft 
Discharge to outdoor coil thickness 35 mils 
Discharge to outdoor coil length 4 ft 
Heat transfer in refrigerant lines 8.4°F 
 
 The user must also specify the internal void space of the compressor.  Since this 
is not provided by the manufacturer, the default value is used (395 in3).  The user can 
also specify whether an accumulator is installed.  The default selection is for no 
accumulator; therefore, an accumulator is not included in this analysis. 
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 Finally, the user must specify the simulation output options and convergence 
parameters.  The default output options and convergence parameters are used for this 
analysis. 
 
4.2.2 Simulation Results - Detailed Simulations  
 Results for the vapor compression combined system using the basic model are 
not presented due to the limited nature of their application during the initial phases of 
this research.  Instead of presenting very limited results using the basic models, results 
are presented based on the detailed model.  Given that the detailed model is assumed to 
be the more accurate of the two, excluding the basic simulation results does not 
significantly limit the quality of the results presented. 
 Up to this point, the efficiency (COP) results presented have all been for the 
latent portion of the system only.  The results presented below show the combined 
system COP for the design conditions (Inlet: 90°F, 90%RH; Outlet: 55°F,50%RH; 
85.0CFM outside air).  When looking at the results of the DOE/ORNL simulation, there 
are a number of outputs that must be checked.  First, the outlet dry bulb temperature and 
wet bulb temperature of the evaporator must be checked.  The results of the DOE/ORNL 
simulation show an evaporator outlet dry bulb temperature of 55°F and wet bulb 
temperature of 46.5°F which relates to a humidity ratio of 0.004752 kgw/kga.   Another 
input to check is the sensible heat ratio of the system which in the DOE/ORNL results is 
1.0 meaning no latent cooling (i.e. dehumidification) occurred.  The inlet humidity ratio 
for a condition of 55°F and 50% RH is 0.004565 kgw/kga.  This increase in humidity 
ratio is likely due to a difference in the algorithm used for psychrometric calculations 
since a sensible heat ratio of 1.0 correlates to no change in the moisture content of the air 
from the entrance to the exit of the evaporator.  The simulation reports the results as a 
total system EER (Btu/h/W) which can easily be related to the COP by converting the 
cooling given in Btu/hr into units of Watts (W) using Equation 4.1 below. 
 𝐶𝑂𝑃 = 𝐸𝐸𝑅/3.412 (4.1) 
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 The total system EER given in the results is 10.3 which is equal to a COP of 3.02 
for the sensible cooling portion of the combined system only.  For the particular 
packaged unit used as the basis of the inputs into the DOE/ORNL simulation engine the 
manufacturer has provided detailed performance data for various evaporator and 
condenser operating conditions.  As an approximate check of the DOE/ORNL 
simulation, the simulation COP can be compared to the manufacturer provided COP data 
for approximately the same operating conditions.  The system chosen has a two stage 
compressor which can operate on either high cool or low cool setting.  The inputs for the 
DOE/ORNL simulation do not include a two stage compressor option.  As a result, for 
purposes of comparison the performance data for the high cool (full cool) operating 
condition is used.  The available data for an evaporator entering dry bulb temperature of 
80°F and an airflow rate of 700 CFM are summarized in Table 4.4 below.  The results 
are presented for various evaporator entering wet bulb temperatures but only the case 
with the lowest wet bulb temperature is included since the humidity ratio for this case 
(0.004645 kgw/kga) is still slightly higher than for the ARPA-E sensible cooling 
operating conditions (0.004565 kga/kgw).  Interpolating for a condenser entering 
temperature of 90°F, the COP is estimated to be 3.17 which is 5.0% greater than the 
DOE/ORNL simulation result.  The small difference suggests the DOE/ORNL 
simulation result is a fair estimate of the system performance for the given operating 
conditions. 
Table 4.4: Manufacturer performance data 
Evaporator  
Wet  
Bulb Temp 
(°F) 
Condenser Entering Dry Bulb Temp. (°F) 
85 95 
Total kW Total Btu/hr COP Total kW Total Btu/hr COP 
57 1.79 20,880 3.42 2.00 19,950 2.92 
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 For the detailed simulation vapor compression combined system, only results for 
the membrane property values used with the 5°F approach simulations at the end of the 
previous chapter are presented below in Table 4.5.  Similarly, all of the simulations 
assume a 5°F cooling tower approach and the ARPA-E inlet and outlet conditions. 
Table 4.5: Cooling tower approach of 5°F detailed simulation results for vapor compression and 
membrane cooling combined system 
Water 
Permeance 
(mol/m2-s-Pa) 
Water 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) 
Latent 
COP 
Sensible 
COP 
Total 
COP 
8.00E-06 2.00E-08 10 1.91 3.02 2.10 
8.00E-06 1.60E-08 10 2.00 3.02 2.19 
8.00E-06 8.00E-09 10 2.29 3.02 2.44 
1.20E-05 1.20E-07 10 1.15 3.02 1.36 
1.20E-05 1.28E-08 10 2.18 3.02 2.34 
1.20E-05 6.40E-09 10 2.47 3.02 2.59 
1.20E-05 6.40E-10 10 4.05 3.02 3.73 
1.20E-05 6.40E-11 10 5.07 3.02 4.33 
 
For assessing the combined systems the target COP is 3.58.  From the results 
shown in Table 4.5 above only the two cases with the lowest air permeances are capable 
of meeting the combined system target COP.  Again, these two air permeance values 
represents a target value and do not represent the current measured level of membrane 
separation performance.  These results are for the basic single segment membrane 
system simulation with no system optimizations.  These results indicate that for the 
vapor compression cycle and membrane combined system the system optimizations are 
necessary to meet the target COP. 
Below in Table 4.6, the results for a combined system with multiple membrane 
segments, pressure optimization and vapor compression sensible cooling are presented.  
The results are for a cooling tower approach of 5°F, 85 CFM and the ARPA-E operating 
conditions.  These results show that this combined system is capable of meeting the 
 
 
151 
 
target COP with the current membrane performance with a COP of 3.93.  The COP 
results of the vapor compression combined system with and without latent system 
optimizations are shown together in Figure 4.1 below. 
Table 4.6: Cooling tower approach of 5°F detailed simulation results for vapor compression and 
membrane cooling combined system with system optimizations 
Water 
Permeance 
(mol/m2-s-Pa) 
Water 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) 
Latent 
COP 
Sensible 
COP 
Total 
COP 
8.00E-06 2.00E-08 10 2.77 3.02 2.83 
8.00E-06 1.60E-08 10 2.97 3.02 2.99 
8.00E-06 8.00E-09 10 3.64 3.02 3.46 
1.20E-05 1.20E-07 10 1.42 3.02 1.64 
1.20E-05 1.28E-08 10 3.60 3.02 3.43 
1.20E-05 6.40E-09 10 4.37 3.02 3.93 
1.20E-05 6.40E-10 10 6.07 3.02 4.84 
1.20E-05 6.40E-11 10 8.24 3.02 5.74 
 
 
Figure 4.1: Cooling tower approach of 5°F detailed simulation results for vapor compression and 
membrane cooling combined system with and without system optimizations 
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4.3 Membrane Dehumidification and Evaporative Cooling 
 The system analysis below combines evaporative cooling with the membrane 
dehumidification system in order to eliminate the need for traditional vapor compression 
cooling altogether.  In principle, the desired outlet condition can be obtained by 
combining as many membrane cooling steps with evaporative cooling steps as desired.  
For practical reasons, the number of membrane steps is limited to four separate steps 
with three, four or five evaporative cooling steps added to the membrane system steps. 
  
4.3.1 Simulation Methodology 
 The basic membrane dehumidification system consists of a number of 
subroutines which calculate the performance of the mass transfer and the 
thermodynamics of the process of rejecting the permeate stream mass back to the 
atmosphere.  The subroutines are sent inputs describing the condition of the air entering 
the membrane device on the unpermeated stream side and for a given set of membrane 
and air characteristics determines the operating setpoints where necessary and returns a 
description of the permeated mass stream and the outlet unpermeated stream.  The 
system described below consists of four separate membrane devices with similar 
characteristics.  For each segment, the subroutine Latent, which includes calls to the 
other relevant subroutines as well as the thermodynamic analysis of the dehumidification 
device, is called with the appropriate entering air characteristics sent as inputs. 
The simplest case of this to describe includes four steps of dehumidification with 
one step of evaporative cooling following each step of dehumidification.  For this 
analysis, all evaporative cooling steps are assumed to have an effectiveness of 80%.  
Evaporative cooling effectiveness (εec) is defined in Equation 4.2 below where Tin,db is 
the dry bulb temperature of the moist air entering the evaporative cooler, Tin,wb is the wet 
bulb temperature of the moist air entering the evaporative cooler and Tout,db is the dry 
bulb temperature of the moist air exiting the evaporative cooler. 
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 𝜀𝑒𝑐 = 𝑇𝑖𝑛,𝑑𝑏−𝑇𝑜𝑢𝑡,𝑑𝑏𝑇𝑖𝑛,𝑑𝑏−𝑇𝑖𝑛,𝑤𝑏  (4.2) 
Since the evaporative cooling process is a constant enthalpy process and an 
assumed effectiveness will be used for all evaporative coolers, the exiting condition for 
each step is set once the entering conditions are known.  Solving Equation 4.2 for the 
outlet dry bulb temperature results in Equation 4.3. 
 𝑇𝑜𝑢𝑡,𝑑𝑏 = 𝑇𝑖𝑛,𝑑𝑏 − 𝜀𝑒𝑐 ∗ (𝑇𝑖𝑛,𝑑𝑏 − 𝑇𝑖𝑛,𝑤𝑏) (4.3) 
To find the outlet humidity condition, the known dry bulb temperature difference 
will be used to find the heat imparted to the liquid water as it changes phases from liquid 
water to water vapor assuming a constant specific heat for the air (Cp,a) at the inlet dry 
bulb temperature.  This result is used with the latent heat of vaporization of water (hfg,w) 
at the inlet dry bulb temperature to calculate the change in humidity ratio (∆ωec) of the 
moist air passing through the device.  Setting these two energy flows equal to one 
another yields Equation 4.4, which can then be simplified to solve for the change in 
humidity ratio as shown in Equation 4.5 below where Na is the dry air molar flow rate. 
 𝑁𝑎 ∗ 𝑐𝑝,𝑎 ∗ �𝑇𝑑𝑏,𝑖𝑛 − 𝑇𝑑𝑏,𝑜𝑢𝑡� = 𝑁𝑎 ∗ ∆𝜔𝑒𝑐 ∗ ℎ𝑓𝑔,𝑤 (4.4) 
 ∆𝜔𝑒𝑐 = �𝑇𝑑𝑏,𝑖𝑛 − 𝑇𝑑𝑏,𝑜𝑢𝑡� ∗ 𝐶𝑝,𝑎ℎ𝑓𝑔,𝑤 (4.5) 
Once the change in humidity ratio is known, the outlet humidity ratio (ωout) is 
simply found using Equation 4.6. 
 𝜔𝑜𝑢𝑡 = 𝜔𝑖𝑛 + ∆𝜔𝑒𝑐 (4.6) 
In order to successfully integrate the evaporative cooler analysis into the general 
simulation, some additional quantities related to the evaporative cooler output must be 
calculated.  First, since the dry air molar flow rate does not change during the 
evaporative cooling process, the relative molar fraction difference can be used to find the 
new water molar flow rate leaving the evaporative cooler.  First the entering and exiting 
relative molar fractions are calculated using Equations 4.7 and 4.8 below. 
 
 
154 
 
 𝑋𝑟𝑒𝑙𝑤,𝑖𝑛 = 𝜔𝑖𝑛 ∗ �28.9718.02� (4.7) 
 𝑋𝑟𝑒𝑙𝑤,𝑜𝑢𝑡 = 𝜔𝑜𝑢𝑡 ∗ �28.9718.02� (4.8) 
Then, the exiting water molar flow rate is found by adding the flow rate of water 
introduced into the air stream to the entering molar flow rate as shown in Equation 4.9 
below. 
 𝑁𝑤,𝑜𝑢𝑡 = 𝑁𝑤,𝑖𝑛 + 𝑁𝑎 ∗ (𝑋𝑟𝑒𝑙𝑤,𝑜𝑢𝑡 − 𝑋𝑟𝑒𝑙𝑤,𝑖𝑛) (4.9) 
By adding the evaporative cooling steps in between the membrane 
dehumidification steps, water vapor is being added to the air which means the method 
used previously for determining the amount of water that must be removed from the air 
by each dehumidification step is no longer valid.  To address this, a new approach based 
on the dew point temperature will be used.  Constant enthalpy and constant wet bulb 
temperature processes are very similar as can be seen by the similarity between the 
constant enthalpy and wet bulb temperature lines on the psychrometric chart.  By not 
using the enthalpy directly, a small error may be introduced; however, the resulting 
output condition will be virtually the same no matter which property is used.  For ease of 
implementation, the wet bulb temperature was chosen. 
The first step in this new process is to determine the difference between the wet 
bulb temperature of the inlet raw outside air conditions (Twb,oa) and the outlet setpoint 
conditions (Twb,out,sp).  This difference will become the new conditional test used in the 
PressSelect subroutine to determine the permeate side total pressure for each step of 
membrane dehumidification.  First, the total wet bulb temperature difference setpoint 
(ΔTwb,sp) that must be covered is calculated using Equation 4.10 below. 
 𝛥𝑇𝑤𝑏,𝑠𝑝 = 𝑇𝑤𝑏,𝑜𝑎 − 𝑇𝑤𝑏,𝑜𝑢𝑡,𝑠𝑝 (4.10) 
As mentioned, the new conditional property for the PressSelect subroutine is the 
wet bulb temperature difference.  Since the dehumidification is broken into four separate 
steps, the total wet bulb temperature difference is broken into four equal steps.  This 
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overall process is shown below in the example psychrometric process diagram shown in 
Figure 4.2 for an inlet outdoor air condition of 102°F (32.2°C) dry bulb and 77°F 
(25.0°C) wet bulb (ωoa=0.0142 kgw/kga) and outlet air condition of 55°F (12.8°C) dry 
bulb and 90% relative humidity (ωout=0.0083 kgw/kga). 
 
Figure 4.2: Example psychrometric chart process diagram for four evaporative cooling steps with four 
dehumidification steps 
Another similar system adds an evaporative cooling step before the first 
membrane dehumidification step resulting in a total of five evaporative cooling steps.  
The equations for this first evaporative cooling step are the same except that now the 
inlet conditions are the raw outside air conditions instead of the output conditions from 
the first dehumidification step.  For this system, the membrane dehumidification is still 
modeled as described above with the wet bulb difference setpoint broken into four equal 
steps.  This overall process is shown below in the example psychrometric process 
diagram shown in Figure 4.3 for an inlet outdoor air condition of 102°F (32.2°C) dry 
bulb and 77°F (25.0°C) wet bulb (ωoa=0.0142 kgw/kga) and outlet air condition of 55°F 
(12.8°C) dry bulb and 90% relative humidity (ωout=0.0083 kgw/kga). 
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Figure 4.3: Example psychrometric chart process diagram for five evaporative cooling steps with four 
dehumidification steps 
Yet another similar system consists of only three evaporative cooling steps 
placed between the four membrane dehumidification steps.  For this system, not all of 
the sensible cooling load will be met without additional cooling (i.e. the exiting dry bulb 
temperature from the combined membrane and evaporative cooling system will be 
greater than the setpoint for the final condition) unless the desired output dry bulb 
temperature is increased for the same humidity ratio setpoint.   This overall process is 
shown below in the example psychrometric process diagram shown in Figure 4.4 for an 
inlet outdoor air condition of 102°F (32.2°C) dry bulb and 77°F (25.0°C) wet bulb 
(ωoa=0.0142 kgw/kga) and outlet air condition of 55°F (12.8°C) dry bulb and 90% 
relative humidity (ωout=0.0083 kgw/kga). 
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Figure 4.4: Example psychrometric chart process diagram for three evaporative cooling steps with four 
dehumidification steps 
Simulating this system requires a modification to the simulation since the final 
step will not be an evaporative cooling step.  This means simply using the wet bulb 
temperature difference defined previously will not yield the desired output humidity 
ratio which is the goal of this new combined process since the output dry bulb 
temperature setpoint cannot be reached (with the exception of the case mentioned 
above).  Given the relationship between the amount of moisture removed by 
dehumidification and the output condition of the following evaporative cooling step, the 
optimal wet bulb temperature difference is unknown.  In order to find the total wet bulb 
temperature difference that produces the desired output humidity ratio, an iterative 
process is used.  In this new simulation, all calculations which were previously located 
in the main program except for the user inputs and final cooling, power, and COP 
calculations are moved into a subroutine (named General).  This subroutine is then 
called by yet another subroutine (named General2) which includes a loop with a 
conditional test that determines the wet bulb temperature difference.  In subroutine 
General2, the initial value used for the wet bulb temperature difference is found using 
the user input inlet and outlet conditions for the combined system.  Since the actual 
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outlet wet bulb temperature will be greater than the setpoint value, the conditional loop 
subtracts 0.2°C from the wet bulb temperature difference previously analyzed until the 
condition is met.  The loop continues until the output humidity ratio is greater than or 
equal to the setpoint (commonly 0.0083 kgw/kga).  If the condition is not met before the 
wet bulb temperature difference is reduced to a value of zero then the outlet humidity 
ratio is set to 0.0084 kgw/kga.  This limit causes the loop to end to avoid erroneous 
results caused by negative wet bulb temperature difference values.  In this circumstance, 
the setpoint humidity ratio is likely not met by this system type for the given operating 
parameters.  The outlet humidity ratio is manually checked (i.e. this is not a check built 
into the programming) to determine if the setpoint is met.  
 
4.3.2 Simulation Results - Basic Simulations 
 Many different scenarios will be analyzed and discussed with a table summary 
following the discussion.  The graphical results for all of the relevant cases discussed 
below are included in Appendix F. 
The cases below are intended to investigate the effects of different system 
combinations on system performance.  Three different sets of membrane characteristics 
will be analyzed using a four stage membrane dehumidifier combined with 3, 4 and 5 
evaporative cooling steps (each modeled separately) using two different outlet setpoint 
conditions.  For all cases in this group, Houston, TX bin weather data will be used with a 
conditioned air flow rate of 100 CFM.  Additionally the simple efficiency applied to the 
compressor and vacuum pumps is varied as well as the temperature difference between 
the MCWB temperature and the condenser temperature.  For all evaporative coolers, an 
effectiveness of 80% is assumed.  All cases will be considered with a total membrane 
area of 2.0 m2 and 8.0 m2.  In the cases where the 2.0 m2 membrane area system does not 
meet the desired output setpoint, only the 8.0 m2 membrane area case is presented.  
The first five cases (Cases 1-5) share many of the same inputs.  First, the 
membrane characteristics utilized in these cases are a water permeance of 8.00∙10-6 
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mol/(m2-Pa-s) and an air permeance of 1.43∙10-8 mol/(m2-Pa-s).  Also, a simple 
efficiency for the compressors and pumps of 65% and a condenser temperature 
difference of 10°F between the condenser temperature and the MCWB temperature are 
used in all five cases.  The varying factors include the total membrane area, the output 
dry bulb setpoint temperature and the number of evaporative cooling steps.  The varying 
factors and the resulting annual average COP for all five cases are presented in Table 4.7 
below.  The annual average COP (COPavg,annual) is calculated using Equation 4.11 below 
where Nbin is the number of hours in each bin. 
 𝐶𝑂𝑃𝑎𝑣𝑔,𝑎𝑛𝑛𝑢𝑎𝑙= ∑ (𝐶𝑜𝑜𝑙𝑏𝑖𝑛 ∗ 𝑁𝑏𝑖𝑛)𝑎𝑙𝑙 𝑏𝑖𝑛𝑠 ∑ (𝑊𝑏𝑖𝑛 ∗ 𝑁𝑏𝑖𝑛)𝑎𝑙𝑙 𝑏𝑖𝑛𝑠⁄  (4.11) 
Table 4.7: Operating parameters and annual average latent COP for cases with current membrane 
characteristics 
Case# Am,total (m2) Tout,sp (°F) 
# Dehumid. 
Steps 
# Evap. Clg. 
Steps COPavg,annual 
Case1 8 55 4 4 3.94 
Case2 8 55 4 5 4.06 
Case3 8 65 4 3 3.85 
Case4 8 65 4 4 3.95 
Case5 8 65 4 5 3.95 
 
The next five cases (Cases 6-10) also share many of the same inputs.  First, the 
membrane characteristics utilized in these cases are a water permeance of 8.00∙10-6 
mol/(m2-Pa-s) and an air permeance of zero meaning only water passes across the 
membrane.  Also, a simple efficiency for the compressors and pumps of 90% and a 
condenser temperature difference of 10°F between the condenser temperature and the 
MCWB temperature are used in all nine cases.  The varying factors include the total 
membrane area, the output dry bulb setpoint temperature and the number of evaporative 
cooling steps.  The varying factors and the resulting annual average COP for all five 
cases are presented in Table 4.8 below. 
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Table 4.8: Operating parameters and annual average COP for cases with no air in permeate 
Case# Am,total (m2) Tout,sp (°F) 
# Dehumid. 
Steps 
# Evap. Clng. 
Steps COPavg,annual 
Case6 8 55 4 4 12.2 
Case7 8 55 4 5 12.8 
Case8 8 65 4 3 14.7 
Case9 8 65 4 4 15.5 
Case10 8 65 4 5 15.6 
 
 The next five cases in this group (Cases 11-15) also share many of the same 
inputs.  First, the membrane characteristics utilized in these cases are a water permeance 
of 6.40∙10-5 mol/(m2-Pa-s) and an air permeance of zero meaning only water passes 
across the membrane.  Also, a simple efficiency for the compressors and pumps of 90% 
and a condenser temperature difference of 1°F between the condenser temperature and 
the MCWB temperature are used in all nine cases.  The varying factors include the total 
membrane area, the output dry bulb setpoint temperature and the number of evaporative 
cooling steps.  The varying factors and the resulting annual average COP for all five 
cases are presented in Table 4.9 below. 
 
Table 4.9: Operating parameters and annual average latent COP for cases with no air in permeate and 
improved water permeance 
Case# Am,total (m2) Tout,sp (°F) 
# Dehumid. 
Steps 
# Evap. Clng. 
Steps COPavg,annual 
Case11 8 55 4 4 22.9 
Case12 8 55 4 5 24.7 
Case13 8 65 4 3 28.5 
Case14 8 65 4 4 30.8 
Case15 8 65 4 5 31.1 
 
The annual COP values shown above clearly show approximately an order of 
magnitude potential for improvement of this approach to dehumidification and cooling 
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of ventilation air through a combination of membrane improvements and system 
improvements.  The COP numbers shown above do not include cooling tower energy 
inputs or fan power to move air through the membrane units. 
 
4.3.3 Simulation Results - Detailed Simulations 
 For the detailed simulation evaporative cooling results, only results for the 
membrane property values used with the 5°F approach simulations at the end of the 
previous chapter are presented.  Similarly, all of the simulations assume a 5°F cooling 
tower approach and the ARPA-E inlet conditions (90°F/90%RH).  The outlet condition 
is not the ARPA-E condition but a more typical outlet condition (55°F/90%RH).  The 
case with three evaporative cooling steps is not included in the following analysis 
because it is not capable of meeting this outlet condition.  The area of the first two 
membrane segments is 6.0 m2, the area of the third segment is 7.0 m2 and the area of the 
fourth segment is 8.0 m2 for all of the simulations below. 
 
Table 4.10: Cooling tower approach of 5°F detailed simulation results for four evaporative cooling steps 
and membrane cooling combined system 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
COP 
8.00E-06 2.00E-08 1.76 
8.00E-06 1.60E-08 1.89 
8.00E-06 8.00E-09 2.33 
1.20E-05 1.20E-07 0.909 
1.20E-05 1.28E-08 2.06 
1.20E-05 6.40E-09 2.50 
1.20E-05 6.40E-10 4.92 
1.20E-05 6.40E-11 6.96 
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As seen in Table 4.10 above only the systems with the lowest two air permeance 
values are capable of meeting the combined system target COP of 3.58.  These results 
are for the basic membrane system with no system optimizations.  As a result, system 
optimizations are necessary for this combined system to reach the target COP with the 
current measured membrane performance. 
Table 4.11: Cooling tower approach of 5°F detailed simulation results for five evaporative cooling steps 
and membrane cooling combined system 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
COP 
8.00E-06 2.00E-08 1.77 
8.00E-06 1.60E-08 1.90 
8.00E-06 8.00E-09 2.33 
1.20E-05 1.20E-07 0.910 
1.20E-05 1.28E-08 2.06 
1.20E-05 6.40E-09 2.51 
1.20E-05 6.40E-10 4.88 
1.20E-05 6.40E-11 7.23 
 
As seen in Table 4.11 above only the systems with the lowest two air permeance 
values are capable of meeting the combined system target COP.  Again, these results are 
for the basic membrane system with no system optimizations.  As a result, system 
optimizations are necessary for this combined system to reach the target COP with the 
current measured membrane performance. 
If the ARPA-E inlet and outlet conditions are used, the COP results do change as 
shown below in Table 4.12 and Figure 4.5.  Again, all of the simulations assume a 5°F 
cooling tower approach but as an example only the results for the five evaporative cooler 
combined systems are presented below. 
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Table 4.12: Cooling tower approach of 5°F detailed simulation results for five evaporative cooling steps 
and membrane cooling combined system for ARPA-E inlet and outlet conditions 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
COP 
8.00E-06 2.00E-08 1.68 
8.00E-06 1.60E-08 1.81 
8.00E-06 8.00E-09 2.17 
1.20E-05 1.20E-07 0.838 
1.20E-05 1.28E-08 1.98 
1.20E-05 6.40E-09 2.35 
1.20E-05 6.40E-10 3.91 
1.20E-05 6.40E-11 6.02 
 
For all of the results, the COP result with the ARPA-E inlet and outlet conditions 
are less than those for the original operating conditions with the higher exiting humidity 
ratio setpoint.  This would be expected since lowering the humidity ratio setpoint means 
there is a larger amount of water vapor that must be removed by each membrane step 
and this requires a lower permeate side total pressure.  The lower the permeate side total 
pressure the greater the energy required to reject the permeate stream to atmosphere.  For 
the ARPA-E conditions the results are for the basic membrane system with no system 
optimizations.  As a result, system optimizations are necessary for this combined system 
to reach the target COP with the current measured membrane performance. 
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Figure 4.5: Original and ARPA-E condition COP results for cooling tower approach of 5°F detailed 
simulation results for five evaporative cooling steps and membrane cooling combined system 
 Given that all of the results above indicate the need for system optimizations if 
the evaporative cooler combined system is going to reach the target COP, the 
performance of the combined system including the pressure optimization is very 
important to the overall assessment of the system.  To that end, the results presented 
below in Table 4.8 show the performance for a few membrane property sets with the 
same membrane areas as used before.  These simulations assume a 5°F cooling tower 
approach and the ARPA-E inlet conditions (90°F/90%RH).  The outlet condition is not 
the ARPA-E condition but a more typical outlet condition (55°F/90%RH).  The percent 
difference values below represent the change in COP as compared to the results 
presented in Table 4.11 for the same membrane properties.  The results below show that 
the system is capable of meeting the target COP (3.58 for combined systems) with the 
existing membranes once the system optimizations are included. 
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Table 4.13: Cooling tower approach of 5°F detailed simulation results for five evaporative cooling steps 
and membrane cooling combined system with pressure optimization 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Press. 
Factor 
1 
Press. 
Factor 
2 
Press. 
Factor 
3 
Press. 
Factor 
4 
COP %Diff 
8.00E-06 1.60E-08 1.5 2.1 2.2 1.9 2.51 25.7% 
8.00E-06 8.00E-09 1.5 1.8 1.5 1.7 3.36 38.4% 
1.20E-05 1.28E-08 1.4 2.1 2.0 1.9 2.89 34.0% 
1.20E-05 6.40E-09 1.4 1.5 1.5 1.8 3.73 43.2% 
 
 
4.4 Summary 
In the previous chapters only the performance of the latent cooling portion of the 
system was assessed.  In order to meet the outlet condition goal set at the beginning of 
the project, the latent cooling, membrane dehumidification portion of the system must be 
combined with another device to perform additional sensible cooling.  First, the 
membrane system was combined with a conventional vapor compression refrigeration 
cycle to assess the combined system performance.  The results of the vapor compression 
cycle combined system indicate that when the combined unit utilizes a single segment 
membrane with no system optimizations, only the two systems with the lowest 
membrane air permeances and a maximum COP of 4.33 are capable of meeting the 
target COP of 3.58.  The membrane performance required for these systems does not 
represent the current measured level of membrane separation performance.  These 
results indicate that for the vapor compression cycle and membrane combined system 
the system optimizations are necessary to meet the target COP.  To this end, the vapor 
compression system was also combined with a multiple membrane segment latent 
system with pressure optimization resulting in a maximum COP of 5.74.  For this 
combination, one of the combined system with current membrane properties is capable 
of meeting the target with a COP of 3.93. 
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 Second, the membrane system was combined with a series of evaporative coolers 
in order to assess the combined system performance.  For all of the cases analyzed, four 
membrane dehumidification segments were used in between either 3, 4 or 5 evaporative 
cooling segments.  For the detailed simulation only the cases with four or five membrane 
segments were analyzed since the other case is not capable of meeting the ARPA-E 
outlet condition.  As with the vapor compression cycle combined system when the 
combined unit utilizes a single segment membrane system with no system optimizations, 
only the two systems with the lowest membrane air permeance  are capable of meeting 
the target COP of 3.58.  For the system with four evaporative cooling steps the highest 
COP values are 4.92 and 6.96.  For the system with five evaporative cooling steps the 
highest COP values are 4.88 and 7.23.  The membrane performance required for these 
systems do not represent the current measured level of membrane separation 
performance; therefore, system optimizations are necessary to reach to target COP.  The 
maximum COP for the current membrane performance is 3.73. 
 
 
  
 
 
167 
 
CHAPTER V 
SECOND LAW SYSTEM ANALYSIS 
 
5.1 Introduction 
 The primary goal of the second law, or exergy analysis is to identify which 
portions of the dehumidification and combined systems would benefit the most from 
further development.  The second law analysis has been undertaken at a conceptual level 
using example operating conditions as well as using detailed results from the EES 
computer simulations.  The exergy destruction associated with each component of the 
system was calculated and the effects of basic system changes on the total exergy 
destruction and efficiency of the system are analyzed. 
 
5.2 Conceptual Analysis 
In calculating the exergy destruction from the membrane mass transfer, the only 
relevant parameters are the exergy of the gases entering the membrane, the exergy of the 
gases exiting the membrane and the flow rates of the two gases.  For ideal gases, the 
enthalpy is solely dependent on the temperature of the gas.  Since the membrane mass 
transfer is an isothermal process, the enthalpy change of the air and water vapor 
(assuming ideal gas behavior) is zero leaving only the entropy change when determining 
the change in exergy for the gas stream as shown in Equation 5.1 below. 
 𝛹 = 𝑇𝑜 ∗ (𝑠 − 𝑠𝑜) (5.1) 
For an ideal gas, the entropy change (Δs) can be written as a function of the 
pressure only for the isothermal membrane mass transfer process as shown in Equation 
5.2 below where s2 is the exiting entropy, s1 is the entering entropy, R is the ideal gas 
constant, P2 is the exiting partial pressure of the gas and P1 is the entering partial 
pressure of the gas. 
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 𝛥𝑠 = 𝑠2 − 𝑠1 = −ℛ ∗ 𝑙𝑛 �𝑃2𝑃1� (5.2) 
For the membrane, the change in exergy (ΔΨ) can be written as shown in 
Equation 5.3 below where s2 is the permeate side entropy and s1 is the feed side entropy 
and To is the reference state temperature. 
 𝛥𝛹 = 𝛹2 − 𝛹1 = 𝑇𝑜 ∗ (𝑠2 − 𝑠1) = −ℛ ∗ 𝑇𝑜 ∗ 𝑙𝑛 �𝑃2𝑃1� (5.3) 
The feed side partial pressure is set for a given entering air condition.  This 
leaves only the permeate side partial pressure as a parameter which can be controlled in 
order to reduce the exergy destruction of the membrane which can now be written as 
shown in Equation 5.4 below. 
 𝛹𝑑,𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 = −ℛ ∗ 𝑇𝑜 ∗ �𝑁𝑎 ∗ 𝑙𝑛 �𝑃𝑎,2𝑃𝑎,1� + 𝑁𝑤 ∗ 𝑙𝑛 �𝑃𝑤,2𝑃𝑤,1�� (5.4) 
As previously noted, limiting the pressure difference across the membrane 
reduces the entropy difference and subsequently the exergy destruction associated with 
the membrane mass transfer.  The pressure ratio of the water can be significantly 
reduced by increasing the permeate side water partial pressure. However, the pressure 
ratio of the air cannot be drastically reduced due to the large difference between the 
initial partial pressure in the feed stream and the permeate total pressure which must be 
kept significantly lower than the ambient pressure in order to drive the mass transfer 
process. 
Given these limitations, two parameters can be minimized which will reduce the 
exergy destruction of the membrane mass transfer process.  First, minimizing the partial 
pressure difference of the water vapor across the membrane can significantly reduce the 
water vapor’s contribution to the total exergy destruction.  Altering the water vapor flow 
rate is not an option since the given inlet and outlet feed side conditions will set the 
water vapor flow rate in the permeate.  Second, minimizing the air molar flow rate in the 
permeate can significantly reduce the contribution of the air to the total exergy 
destruction of the membrane.  As described above, the partial pressure ratio of the air 
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cannot be drastically reduced, but the flow rate can be controlled by improving the 
membrane separation performance and through the design of the membrane separation 
device. 
The relative contribution of the two measures can be seen by looking at a few 
examples.  For a water permeance of 8.00∙10-6 mol/m2-s-Pa and an air permeance of 
2.00∙10-8 mol/m2-s-Pa and a membrane area of 2.0 m2, for the same ambient conditions 
the exergy destruction of the membrane is 0.130 kW with the air component being 50% 
of the total (0.065 kW) and the water component being 50% of the total (0.065 kW).  
The water partial pressure difference across the membrane for this case is 1.86 kPa and 
the water molar fraction in the permeate is 0.83 with an air molar flow rate in the 
permeate of 3.97∙10-6 kmol/s.   
For a water permeance of 8.00∙10-6 mol/m2-s-Pa and an air permeance of 2.00∙10-
9 mol/m2-s-Pa and a membrane area of 2.0 m2, for an ambient condition of the 77°F dry 
bulb and 74°F wet bulb the exergy destruction of the membrane is 0.074 kW with the air 
component being 12% of the total (0.009 kW) and the water component being 88% of 
the total (0.065 kW).  The water partial pressure difference across the membrane for this 
case is 1.87 kPa and the water molar fraction in the permeate is 0.98 with an air molar 
flow rate in the permeate of 3.98∙10-7 kmol/s.   By decreasing the air molar flow rate in 
the permeate by a factor of approximately ten, the exergy destruction of the membrane 
decreases by 43% relative to the first example with a similar water partial pressure 
difference.   
Reducing the air molar flow rate in the permeate has the added benefit of 
reducing the energy consumption and exergy destruction associated with each of the 
compressors in the system since less air will have to be compressed up to atmospheric 
pressure.  For the first example, the total system exergy destruction is 0.214 kW for an 
ideal condenser.  For the second example, the total system exergy destruction is 0.128 
kW for an ideal condenser.  Of the total difference, 0.056 kW is attributable to a 
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reduction in the membrane exergy destruction.  The remainder of the difference (0.030 
kW) is due to the downstream benefit of having less air in the permeate. 
For a water permeance of 8.00∙10-6 mol/m2-s-Pa and an air permeance of 8.00∙10-
9 mol/m2-s-Pa and a membrane area of 5.0 m2, for the same ambient conditions the 
exergy destruction of the membrane is 0.088 kW with the air component being 66% of 
the total (0.058 kW) and the water component being 34% of the total (0.030 kW).  The 
water partial pressure difference across the membrane for this case is 1.17 kPa and the 
water molar fraction in the permeate is 0.83 with an air molar flow rate in the permeate 
of 3.97∙10-6 kmol/s.  By reducing the water partial pressure difference by 37%, the 
exergy destruction of the membrane decreases by 32% relative to the first example with 
a similar air molar flow rate in the permeate. 
 
5.3 Simulation Results 
The goal of the second law analysis approach is to calculate the exergy 
destruction associated with each device in the dehumidification system process.  This 
includes the membrane, the compression devices, the condenser, and the liquid pump.  
First, the calculation of the exergy at each state point in the process beginning with the 
outside air condition and ending with the exiting permeate streams of both water and air 
was added to the EES simulation.  The specific flow exergy ψ for each state point is 
calculated using Equation 5.5 below where ho is the reference enthalpy, To is the 
reference temperature, so is the reference entropy, h is the enthalpy at the given state 
point and s is the entropy at the given state point. 
 𝛹 = ℎ − ℎ𝑜 + 𝑇𝑜 ∗ (𝑠 − 𝑠𝑜) (5.5) 
The reference state for this analysis is the given outside air temperature and an 
assumed ambient pressure of 101.3 kPa.  Using these two conditions, the reference 
enthalpy and entropy are found using the property lookup feature of EES for both dry air 
and steam. 
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Once the specific flow exergy at each state point is known, the exergy 
destruction (Ψd) associated with each device is calculated using the exergy balance 
shown below in Equation 5.6 assuming steady state operation of all devices. 
 𝛹𝑑 = 𝑄𝑅 ∗ �1 − 𝑇𝑜𝑇𝑅� −𝑊𝑐𝑣 + 𝑁𝑖𝑛 ∗ 𝛹𝑖𝑛 − 𝑁𝑜𝑢𝑡 ∗ 𝛹𝑜𝑢𝑡 (5.6) 
For each device, certain quantities in the above equation can be neglected.  For 
instance, the permeation process through the membrane does not involve any heat 
transferred to the control volume from a reservoir or any external work done on the 
control volume; therefore, the first two terms in Equation 5.6 are eliminated.  The 
resulting exergy destruction equation for the membrane is simply the difference in 
exergy of the gases entering the membrane and exergy of the gases exiting the 
membrane.  For the condenser, the control volume is drawn so that the permeate flow 
stream and the cooling water flow stream are the only energy flows crossing the control 
volume barrier.  This allows the elimination of both the heat transfer and work terms in 
the exergy destruction equation (i.e. the first two terms).  The resulting equation is 
simply an exergy balance for the two flow streams where the difference equals the 
exergy destruction. 
 
5.3.1 Basic Simulations 
Adding the second law analysis described above is a relatively simple process for 
any simulation.  The results presented below focus on the second law analysis of the 
ideal condenser simulations and the single component simulation discussed above.  The 
same membrane characteristics used in the simulations outlined above were used for the 
second law analysis.  The annual average exergy destruction values for each process in a 
single stage condenser system are presented below in tabular form.  Graphical results 
showing the contribution of each process as a percentage of the total exergy destruction 
for the process are shown in Appendix G for the third set of membrane characteristics. 
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The first set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s and 
an air permeance of 5.33∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The results 
for these membrane characteristics are shown below in Table 5.1. 
Table 5.1: Second law analysis results for first set of membrane characteristics 
Sim.  
Type 
Membrane 1st Compressor Condenser 
2nd 
Compressor 
Liq. Water 
Pump 
Ψd Ψd Ψd Ψd Ψd 
Ideal 0.2157 0.0696 0.0097 0.0546 1.53E-05 
A=10 0.2157 0.0696 2.34E-04 0.2772 6.43E-07 
A=5 0.2157 0.0696 1.63E-03 0.2465 2.73E-06 
A=0 0.2157 0.0696 0.0065 0.1517 8.95E-06 
 
The second set of simulations uses a water permeance of 1.20∙10-5 mol/Pa-m2-s 
and an air permeance of 1.20∙10-7 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these membrane characteristics are shown below in Table 5.2. 
Table 5.2: Second law analysis results for second set of membrane characteristics 
Sim.  
Type 
Membrane 1st Compressor Condenser 
2nd 
Compressor 
Liq. Water 
Pump 
Ψd Ψd Ψd Ψd Ψd 
Ideal 0.2823 0.0639 0.0097 0.0966 1.53E-05 
A=10 0.2823 0.0639 2.33E-04 0.3189 6.43E-07 
A=5 0.2823 0.0639 1.62E-03 0.2882 2.73E-06 
A=0 0.2823 0.0639 0.0065 0.1935 8.94E-06 
 
The third set of simulations uses a water permeance of 4.00∙10-6 mol/Pa-m2-s and 
an air permeance of 1.00∙10-8 mol/Pa-m2-s with a membrane area of 4.0 m2.  The results 
for these membrane characteristics are shown below in Table 5.3. 
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Table 5.3: Second law analysis results for third set of membrane characteristics 
Sim.  
Type 
Membrane 1st Compressor Condenser 
2nd 
Caompressor 
Liq. Water 
Pump 
Ψd Ψd Ψd Ψd Ψd 
Ideal 0.1364 0.0556 0.0098 0.0257 1.53E-05 
A=10 0.1364 0.0556 2.33E-04 0.2484 6.43E-07 
A=5 0.1364 0.0556 1.63E-03 0.2177 2.73E-06 
A=0 0.1364 0.0556 0.0065 0.1229 8.95E-06 
 
The fourth set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s 
and an air permeance of 2.00∙10-8 mol/Pa-m2-s with a membrane area of 2.0 m2.  The 
results for these membrane characteristics are shown below in Table 5.4. 
Table 5.4: Second law analysis results for fourth set of membrane characteristics 
Sim.  
Type 
Membrane 1st Compressor Condenser 
2nd 
Compressor 
Liq. Water 
Pump 
Ψd Ψd Ψd Ψd Ψd 
Ideal 0.1364 0.0556 0.0098 0.0257 1.53E-05 
A=10 0.1364 0.0556 2.33E-04 0.2484 6.43E-07 
A=5 0.1364 0.0556 1.63E-03 0.2177 2.73E-06 
A=0 0.1364 0.0556 0.0065 0.1229 8.95E-06 
 
The fifth set of simulations uses a water permeance of 8.00∙10-6 mol/Pa-m2-s and 
an air permeance of 2.00∙10-9 mol/Pa-m2-s with a membrane area of 2.0 m2.  The results 
for these membrane characteristics are shown below in Table 5.5. 
From these results it is apparent that apart from the membrane mass transfer 
exergy destruction which is somewhat inherent to the system type, the process with the 
greatest exergy destruction is the first compressor for the ideal case and the second 
compressor for the single stage single component condenser case.  This would be 
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expected since the mass flow rate through the second compressor is much less for the 
ideal case than for the single component condenser case; therefore, the power 
consumption and the exergy destruction would be less.  Also, the total exergy 
destruction for the ideal case is about half that for the single component cases which 
would make the exergy destruction of the first compressor a larger percentage of the 
total for the ideal case.  The liquid water pump exergy destruction is an insignificant 
portion of the total for all cases analyzed.  The results indicate that from a second law 
perspective, improving the efficiency of the gas compressors would be the best method 
of reducing the exergy destruction. 
Table 5.5: Second law analysis results for fifth set of membrane characteristics 
Sim  
Type 
Membrane 1st Compressor Condenser 
2nd 
Compressor 
Liq Water 
Pump 
Ψd Ψd Ψd Ψd Ψd 
Ideal 0.0820 0.0482 0.0098 0.0038 1.53E-05 
A=10 0.0820 0.0482 2.33E-04 0.2266 6.43E-07 
A=5 0.0820 0.0482 1.63E-03 0.1959 2.73E-06 
A=0 0.0820 0.0482 0.0065 0.1009 8.95E-06 
 
 
5.3.2 Detailed Simulations 
 The results below are for the multi component condenser analysis with a single 
membrane segment.  For all of the results the design inlet and outlet humidity conditions 
(Inlet: 90°F, 90%RH; Outlet: 55°F, 50%RH) are used with a membrane area of 10.0 m2 
for all cases except for the case with a water permeance of 4.00∙10-6 mol/m2-s-Pa which 
requires a membrane area of 20.0 m2.  The cooling tower approach for the results below 
is 0°F. The membrane characteristics used in the earlier detailed simulation and system 
improvement analysis are also used here to show the second law analysis using current 
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laboratory measured membrane properties.  The exergy destruction values for each 
component are shown in Table 5.6 below and percent of the total exergy destruction 
associated with each device is shown in Table 5.7 below.  The results shown in Table 5.6 
are also shown in graphical form in Figure 5.1 below. 
Table 5.6: Exergy destruction for detailed model results 
Water 
Permeance 
(mol/ 
m2-s-Pa) 
Air 
Permeance 
(mol/ 
m2-s-Pa) 
Ψd (kW) 
Membrane Compressor Condenser Vacuum pump 
Liquid 
pump Total 
8.00E-06 5.33E-08 0.774 0.227 0.0041 0.445 9.14E-06 1.450 
1.20E-05 1.20E-07 1.152 0.295 0.0034 0.537 5.74E-06 1.988 
4.00E-06 1.00E-08 0.474 0.171 0.0055 0.345 1.62E-05 0.996 
8.00E-06 2.00E-08 0.478 0.174 0.0055 0.340 1.61E-05 0.997 
8.00E-06 1.60E-08 0.437 0.169 0.0061 0.321 1.86E-05 0.933 
8.00E-06 8.00E-09 0.351 0.161 0.0084 0.240 2.68E-05 0.760 
8.00E-06 7.50E-09 0.346 0.161 0.0087 0.231 2.75E-05 0.746 
8.00E-06 6.40E-09 0.332 0.160 0.0093 0.216 2.99E-05 0.717 
1.20E-05 1.60E-08 0.406 0.149 0.0058 0.331 1.85E-05 0.891 
1.20E-05 1.50E-08 0.397 0.148 0.0060 0.321 1.90E-05 0.872 
1.20E-05 1.28E-08 0.374 0.146 0.0065 0.307 2.13E-05 0.833 
1.20E-05 6.40E-09 0.309 0.144 0.0090 0.219 2.99E-05 0.681 
1.20E-05 6.40E-10 0.255 0.157 0.0181 0.036 5.03E-05 0.466 
1.20E-05 6.40E-11 0.257 0.165 0.0217 0.004 5.38E-05 0.448 
 
Similar to the results from the basic simulations, the detailed simulation results 
show that for most membrane characteristic sets the latent system exergy loss is 
primarily due to the membrane and the vacuum pump.  Also, as the air permeance is 
reduced (and therefore the air fraction in the permeate is reduced) the total exergy loss is 
reduced.  The reduction is largely due to the reduction of the vacuum pump exergy loss 
which would be expected as the permeate air flow rate is reduced.  This is in keeping 
with the conceptual analysis presented above where an improvement in membrane 
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performance was found to have very beneficial downstream effects on the total exergy 
loss of the system. 
Table 5.7: Exergy destruction percent of total for detailed simulation results 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Percent of Total Ψd 
Membrane Compressor Condenser Vacuum pump 
Liquid 
pump 
8.00E-06 5.33E-08 53.4% 15.7% 0.28% 30.7% 0.0006% 
1.20E-05 1.20E-07 58.0% 14.8% 0.17% 27.0% 0.0003% 
4.00E-06 1.00E-08 47.6% 17.2% 0.55% 34.6% 0.0016% 
8.00E-06 2.00E-08 47.9% 17.4% 0.55% 34.1% 0.0016% 
8.00E-06 1.60E-08 46.9% 18.1% 0.66% 34.4% 0.0020% 
8.00E-06 8.00E-09 46.2% 21.1% 1.11% 31.6% 0.0035% 
8.00E-06 7.50E-09 46.3% 21.5% 1.16% 31.0% 0.0037% 
8.00E-06 6.40E-09 46.3% 22.3% 1.30% 30.1% 0.0042% 
1.20E-05 1.60E-08 45.5% 16.7% 0.65% 37.1% 0.0021% 
1.20E-05 1.50E-08 45.5% 17.0% 0.68% 36.8% 0.0022% 
1.20E-05 1.28E-08 44.9% 17.5% 0.78% 36.8% 0.0026% 
1.20E-05 6.40E-09 45.3% 21.2% 1.33% 32.1% 0.0044% 
1.20E-05 6.40E-10 54.7% 33.6% 3.88% 7.8% 0.0108% 
1.20E-05 6.40E-11 57.4% 36.9% 4.84% 0.9% 0.0120% 
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Figure 5.1: Exergy destruction for detailed model results 
 For a water permeance of 1.20∙10-5 mol/m2-s-Pa, as the air permeance is reduced 
from the highest value shown to the lowest value shown the total system exergy loss is 
reduced by 64%.  This reduction is due primarily to the 95% reduction in vacuum pump 
exergy loss.  While the lowest air permeance value has not been reached in laboratory 
testing, it is still useful in considering the potential for system improvement via 
membrane improvement. 
 
5.3.3 Combined System Simulations – Vapor Compression Cycle 
 For the combined system which utilizes a vapor compression cycle, one 
additional component has been added to the system.  This additional component has an 
exergy destruction value associated with it which has been added to the exergy 
destruction values for the latent system components.  Again the simulations using the 
membrane properties presented at the end of Chapter 3 are discussed below.  The 
ARPA-E inlet and outlet conditions (Inlet:90°F,90%RH; Outlet:55°F,50%RH) are used 
for all of the results below for an untreated outside airflow of 85 CFM and a cooling 
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tower approach of 5°F.  The exergy destruction values for each component are shown in 
Table 5.8 below and percent of the total exergy destruction associated with each device 
is shown in Table 5.9 below.  The results shown in Table 5.8 are also shown in graphical 
form in Figure 5.2 below. 
Table 5.8: Exergy destruction for detailed model results of vapor compression cycle combined system 
Water 
Permeance 
(mol/ 
m2-s-Pa) 
Air 
Permeance 
(mol/ 
m2-s-Pa) 
Ψd (kW) 
Memb. Comp. Cond. Vac. pump 
Liquid 
pump 
Vapor 
Comp.  
Cycle 
Total 
8.00E-06 2.00E-08 0.478 0.184 0.0053 0.373 6.94E-06 0.283 1.323 
8.00E-06 1.60E-08 0.437 0.178 0.0058 0.353 7.90E-06 0.283 1.257 
8.00E-06 8.00E-09 0.351 0.169 0.0086 0.302 1.31E-05 0.283 1.113 
1.20E-05 1.20E-07 1.152 0.316 0.0027 0.514 1.49E-06 0.283 2.268 
1.20E-05 1.28E-08 0.374 0.155 0.0063 0.349 9.49E-06 0.283 1.167 
1.20E-05 6.40E-09 0.309 0.153 0.0091 0.286 1.46E-05 0.283 1.040 
1.20E-05 6.40E-10 0.255 0.164 0.0253 0.093 4.15E-05 0.283 0.821 
1.20E-05 6.40E-11 0.257 0.173 0.0324 0.016 5.18E-05 0.283 0.761 
 
Table 5.9: Exergy destruction percent of total for detailed simulation results of vapor compression cycle 
combined system 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Percent of Total Ψd 
Memb. Comp. Cond. Vac. pump 
Liquid 
pump 
Vapor 
Comp. 
Cycle 
8.00E-06 2.00E-08 36.1% 13.9% 0.40% 28.2% 0.0005% 21.4% 
8.00E-06 1.60E-08 34.8% 14.2% 0.46% 28.1% 0.0006% 22.5% 
8.00E-06 8.00E-09 31.5% 15.2% 0.77% 27.1% 0.0012% 25.4% 
1.20E-05 1.20E-07 50.8% 13.9% 0.12% 22.7% 0.0001% 12.5% 
1.20E-05 1.28E-08 32.0% 13.3% 0.54% 29.9% 0.0008% 24.2% 
1.20E-05 6.40E-09 29.7% 14.7% 0.88% 27.54% 0.0014% 27.2% 
1.20E-05 6.40E-10 31.1% 20.0% 3.08% 11.36% 0.0051% 34.5% 
1.20E-05 6.40E-11 33.8% 22.7% 4.26% 2.08% 0.0068% 37.2% 
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Figure 5.2: Exergy destruction for detailed model results of vapor compression cycle combined system 
 The first item of note from the results is that the exergy destruction of the vapor 
compression cycle portion of the system which is providing only sensible cooling is 
constant.  This is due to the fact that the sensible cooling load and operating conditions 
for the sensible cooling portion of the system are constant for all of the simulations 
presented above.  While the absolute value of the sensible cooling portion of the system 
is constant, the percentage of the total exergy destruction associated with the vapor 
compression cycle is not constant since the exergy destruction of the latent cooling, 
membrane portion of the system is not constant.  As percentage of the total, the vapor 
compression cycle accounts for as much as 37.2% of the total exergy destruction.  The 
contribution of the condenser and the liquid pump to the total exergy destruction is 
minimal with a maximum of 4.3% combined.  The membrane and gas compression 
devices once again account for the majority of the exergy destruction. 
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5.3.4 Combined System Simulations – Evaporative Cooling 
 For the combined system which utilizes evaporative coolers, a number of 
additional components have been added to the system.  As previously discussed either 3, 
4 or 5 evaporative coolers may be added to four segments of membrane to make a 
combined system.  The exergy analysis results below are for the case with five 
evaporative cooling steps and a 5°F cooling tower approach.  Only these results will be 
discussed as representative of all of the evaporative cooling combined systems’ exergy 
performance.  Also, the exergy performance of the evaporative coolers is not discussed 
since as is the case with the vapor compression cycle, the contribution of the evaporative 
coolers to the overall system exergy destruction will be constant for all membrane 
properties analyzed.  The exergy destruction values for each component are shown in 
Table 5.10 below and percent of the total exergy destruction associated with each device 
is shown in Table 5.11 below.  The results shown in  Table 5.10 are also shown in 
graphical form in Figure 5.3 below. 
As with the single membrane segment results, as the membrane performance 
improves the exergy destruction of the whole system decreases.  The exergy destruction 
of the condenser and liquid water pump increase as the air permeance decreases due to 
the reduction of air in the permeate which allows for water vapor condensation in the 
condenser.  Even though the contribution of these two components increases, the 
decrease in the exergy destruction of the other components is large enough that the 
overall exergy destruction decreases.  Again, the results suggest that the best way to 
improve the exergy performance of the systems is to improve the membrane 
performance and improve the performance of the gas compression devices. 
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Table 5.10: Exergy destruction for detailed model results of five step evaporative cooling combined system 
Water 
Permeance 
(mol/ 
m2-s-Pa) 
Air 
Permeance 
(mol/ 
m2-s-Pa) 
Ψd (kW) 
Memb. Comp. Cond. Vac. pump 
Liquid 
pump Total 
8.00E-06 2.00E-08 0.608 0.158 0.0032 0.599 4.05E-06 1.369 
8.00E-06 1.60E-08 0.524 0.143 0.0037 0.573 5.16E-06 1.245 
8.00E-06 8.00E-09 0.333 0.115 0.0054 0.483 8.60E-06 0.936 
1.20E-05 1.20E-07 1.790 0.465 0.0037 0.818 1.62E-06 3.077 
1.20E-05 1.28E-08 0.439 0.125 0.0040 0.549 5.95E-06 1.117 
1.20E-05 6.40E-09 0.278 0.104 0.0061 0.458 1.02E-05 0.846 
1.20E-05 6.40E-10 0.098 0.089 0.0217 0.190 3.79E-05 0.399 
1.20E-05 6.40E-11 0.076 0.091 0.0306 0.081 5.12E-05 0.278 
 
Table 5.11: Exergy destruction percent of total for detailed simulation results of five step evaporative 
cooling combined system 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Percent of Total Ψd 
Memb. Comp. Cond. Vac. pump 
Liquid 
pump 
8.00E-06 2.00E-08 44.5% 11.5% 0.23% 43.8% 0.0003% 
8.00E-06 1.60E-08 42.1% 11.5% 0.30% 46.1% 0.0004% 
8.00E-06 8.00E-09 35.5% 12.3% 0.57% 51.6% 0.0009% 
1.20E-05 1.20E-07 58.2% 15.1% 0.12% 26.6% 0.0001% 
1.20E-05 1.28E-08 39.3% 11.2% 0.36% 49.1% 0.0005% 
1.20E-05 6.40E-09 32.9% 12.3% 0.72% 54.1% 0.0012% 
1.20E-05 6.40E-10 24.5% 22.4% 5.43% 47.7% 0.0095% 
1.20E-05 6.40E-11 27.2% 32.6% 11.0% 29.2% 0.0184% 
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Figure 5.3: Exergy destruction for detailed model results of five step evaporative cooling combined system  
  
5.4 Summary 
The second law (or exergy) performance of the dehumidification system was 
assessed using both conceptual and simulation analysis. From the second low analysis 
results it is apparent that the greatest reduction in latent system exergy loss can be 
obtained by improving the selectivity of the membrane.  Not only does this reduce the 
exergy loss of the membrane itself, but it causes a significant decrease of the exergy loss 
for the downstream compression devices, specifically the vacuum pump located after the 
condenser.  Apart from improving the membrane selectivity, the results show the 
greatest improvement can be found in improving the operation of the gas compression 
devices.   
  
0
0.5
1
1.5
2
2.5
3
3.5
1.20E-071.28E-086.4E-096.40E-106.40E-11
Ex
er
gy
 D
es
tr
uc
tio
n 
(k
W
) 
Membrane Air Permeance (mol/m2-s-Pa) 
Membrane Compressor Condenser Vacuum pump Liquid Pump
 
 
183 
 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
 
6.1 Summary 
The stated goal of this research is to assess the energy performance of a selective 
membrane based dehumidification system to determine the suitability of the system as 
an alternative to currently utilized technology for dehumidifying humid unconditioned 
outside air used for ventilation in buildings.  Prior to beginning the system analysis, a 
performance goal was set by the funding agency to determine the suitability of the 
system relative to the existing technology for a given set of operating conditions.  A 
review of the literature indicated that similar systems have been proposed in the past, but 
detailed analysis of the proposed systems was either incorrect or not provided in the 
literature. 
This analysis was conducted in Engineering Equation Solver (EES) in large part 
because EES has built in fluid property data and algorithms which make thermodynamic 
analysis easy to implement.  Several different versions of the membrane, latent only 
portion of the system simulation were developed in order to assess different aspects of 
the system performance.  An ideal system simulation was developed to determine the 
performance limits of the system, a less ideal but somewhat idealized simulation was 
developed to rapidly analyze the effect of operating conditions on the system 
performance, an initial version of a real system simulation was developed in order to 
meet the early analysis goals of the project and finally a detailed version of the of the 
real system simulation was developed to most accurately assess the performance of the 
proposed system. 
 In order to meet the performance goals of the system, several modifications to 
the original latent only system design were proposed and analyzed.  Also, in order to 
meet the specified outlet air conditions the membrane dehumidification system must be 
combined with another system which will provide sensible cooling since the membrane 
 
 
184 
 
system provides latent cooling only.  Two different sensible cooling options are analyzed 
in this research: a vapor compression refrigeration cycle and evaporative cooling.  Below 
is a discussion of the detailed results and conclusions of the research that has been 
summarized above.  In Appendix I is a description of the uncertainty analysis for the 
detailed simulation performance results. 
 
6.2 Conclusions 
 The performance goal set by the funding agency is a site COP of 3.58 for an inlet 
condition of 90°F and 90%RH, an outlet condition of 55°F and 50%RH and a total 
cooling load of 1 ton.  Initial analysis focused on the membrane portion of the system 
which provides latent cooling only.  In order to assess the performance of only the latent 
cooling portion of the system, an assumed sensible cooling COP of 4.60 was taken from 
the initial project proposal and used to determine a required latent cooling COP of 3.34. 
The first ideal latent system simulations indicated a maximum COP of 4.38 for 
the membrane characteristics that yield the highest separation factor when operating 
under the ARPA-E specified inlet and outlet conditions (Inlet: 90°F/90%RH; Outlet: 
55°F/50%RH).  For all of the other membrane characteristics outlined the system COP 
was found to not meet the performance goal.  An initial real (i.e. multicomponent) 
condenser simulation was developed using a film method based condenser design 
procedure.  The results of this analysis indicated that for the membrane properties 
investigated, the basic system was not capable of meeting the latent system performance 
(i.e. COP) goal.  The maximum COP for the membrane properties analyzed was 1.85.  
To address this, multiple system optimizations were investigated including the use of 
multiple condenser stages, optimizing the pressure of the mixed stream entering the 
condenser and using multiple membrane segments instead of a single segment of 
membrane to accomplish the desired amount of dehumidification.  The results of the 
optimization analysis indicated that using both condenser pressure optimization and 
multiple membrane segments together increase the system performance to the point that 
the system is capable of meeting the latent portion performance goal.  The maximum 
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simulated COP for the system with both pressure optimization and multiple membrane 
segments was 4.23 which exceeds the goal COP of 3.34. 
A detailed system simulation using a multicomponent condenser model was 
developed and utilized to assess the latent system performance.  First, the mass transfer 
model was modified to include the effects of the mass transfer boundary layer that 
develops along the membrane as the feed air moves across the membrane surface and 
water vapor is removed.  Second, the assumptions for the heat transfer coefficients in the 
condenser that were used in the initial simulation were replaced by correlations which 
calculate the heat transfer coefficients depending on the given operating conditions.  
Also, in the initial simulations the condenser was analyzed as a shell and tube type 
device.  In the detailed simulation the condenser is analyzed as a group of concentric 
tubes of similar length with the vapor-gas mixture flowing downward in the inner tube 
and the cooling water flowing upward in the annulus.  Third, the initial procedure was 
written based on the assumption that the vapor-gas mixture entering the condenser was 
saturated.  The procedure was modified so that the simulation is now capable of 
analyzing the case where the vapor-gas mixture is superheated at the condenser inlet.  
Finally, the performance of the system when the system optimizations are included was 
assessed in order to determine whether the system is capable of meeting the performance 
goals.  The results indicate that for membrane performance characteristics which have 
been measured in the laboratory, the system is capable of meeting the performance goals 
set at the outset of this research for the APRA-E conditions with a maximum COP of 
4.37 for the multiple membrane segment simulation with pressure optimization and a 
real cooling tower with an approach temperature of 5°F. 
 The analysis and results presented up to this point have included only the latent 
cooling portion of the system which utilizes the membrane for dehumidification.  In 
order to meet the outlet condition goal set at the beginning of the project, the latent 
cooling, membrane dehumidification portion of the system must be combined with 
another device to perform additional sensible cooling.  First, the membrane system was 
combined with a conventional vapor compression refrigeration cycle to assess the 
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combined system performance.  For this combined system the maximum COP for the 
current measured membrane properties is 3.93 when system optimizations are included.  
Second, the membrane system was combined with a series of evaporative coolers in 
order to assess the combined system performance.  For all of the cases analyzed, four 
membrane dehumidification segments were used in between either 3, 4 or 5 evaporative 
cooling segments.  For the case with four evaporative cooling steps and a 5°F cooling 
tower approach the maximum COP was 2.50 for existing membrane properties at an 
outlet condition of 55°F and 90% relative humidity and the ARPA-E inlet condition.  For 
the case with five evaporative cooling steps the maximum COP was 2.51 at the same 
operating assumptions listed above.  When the condenser pressure optimization is added 
to the system, the maximum COP for a real membrane with five evaporative cooling 
steps increases to 3.73 which exceeds the target COP of 3.58 for the combined systems. 
The second law (or exergy) performance of the dehumidification system was 
assessed using both conceptual and simulation analysis. From the second law analysis 
results it is apparent that the greatest reduction in latent system exergy loss can be 
obtained by improving the selectivity of the membrane.  Not only does this reduce the 
exergy loss of the membrane itself, but it causes a significant decrease of the exergy loss 
for the downstream compression devices, specifically the vacuum pump located after the 
condenser.  Apart from improving the membrane selectivity, the results show the 
greatest improvement can be found in improving the operation of the gas compression 
devices. 
In conclusion, the proposed system is capable of meeting the performance goals 
set at the beginning of the project when the system optimization procedures are included.  
From the results of both the second law and detailed condenser simulation results, it is 
apparent that continued improvement in the membrane performance (i.e. selectivity) has 
the potential to increase the system COP further beyond the goal set at the outset of this 
research.  These results warrant continued work in the materials development and the 
investigation of alternative materials that might also be able to meet the characteristics 
demonstrated in this research. 
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NOMENCLATURE 
 
ARPA-E Advanced Research Projects Agency – Energy 
MCWB mean coincident wet bulb 
 
Chapter II 
A cooling tower approach temperature, °C 
A pump or compressor skin area, m2 
Adesign design condenser heat transfer area, m2 
Am membrane area, m2 
An condenser heat transfer area, m2 
Atest calculated condenser heat transfer area, m2 
CFM volumetric flow rate of air, ft3/min 
CFMoa volumetric flow rate of outside air, ft3/min 
Coollat total latent cooling, kW 
Coollat,all total latent cooling for multiple membrane simulations, kW 
COPlatent or COPlat latent cooling coefficient of performance 
COPlat,all latent cooling coefficient of performance for multiple membrane  
 simulations 
COPsensible sensible cooling coefficient of performance 
COPth thermal (i.e. source or power plant) coefficient of performance 
COPtotal total site coefficient of performance 
cp,aint specific heat of air at condenser inlet, kJ/kg-K 
cp,cwint specific heat of condenser cooling water,  kW 
cp,stmint specific heat of water vapor at condenser inlet, kJ/kg-K 
Δ difference between heat transfer per unit area values calculated for  
 both sides of condensate interface, kW/m2 
ΔTcond condenser temperature difference, °C 
ΔTcw condenser cooling water temperature difference, kW 
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ΔTcwcalc calculated condenser cooling water temperature difference, kW 
ΔTcwsp condenser cooling water temperature difference setpoint, kW 
Dh hydraulic diameter, m 
di inside diameter of interior condenser tube, m 
do inside diameter of outer condenser tube, m 
f pipe friction factor 
G condenser mass flux, kg/m2-s 
GasSide heat transfer per unit are from bulk air-water vapor flow to  
 interface, kW/m2 
h pump or compressor heat transfer coefficient, W/m2-Kaaaaa 
ha,in enthalpy of moist air at inlet, kJ/kg 
ha,out enthalpy of moist air at outlet, kJ/kg 
ha,2 enthalpy of air at compressor inlet, kJ/kg 
ha,3 enthalpy of air at condenser inlet, kJ/kg 
ha,4 enthalpy of air at condenser outlet, kJ/kg 
hcw cooling water heat transfer coefficient, W/m2-K 
hi pump or compressor inlet enthalpy, kJ/kg 
hfg latent heat of vaporization of water, kJ/kg 
hfgint heat of vaporization at condenser inlet, kJ/kg 
hL heat transfer coefficient for liquid flow in single component 
 condenser, W/m2-K 
ho overall heat transfer coefficient for condenser, W/m2-K 
ho pump or compressor outlet enthalpy, kJ/kg 
hs condenser gas film heat transfer coefficient, W/m2-K 
hTP two phase heat transfer coefficient for single component  
 condenser, W/m2-K 
hw condenser tube wall heat transfer coefficient, W/m2-K 
hw,2 enthalpy of water vapor at compressor inlet, kJ/kg 
hw,3 enthalpy of water vapor at condenser inlet, kJ/kg 
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hw,4 enthalpy of water vapor at condenser outlet, kJ/kg 
j Colburn factor 
K condenser mass transfer coefficient, kg/m-s 
kcw thermal conductivity of cooling water, W/m-K 
kl thermal conductivity of liquid water, W/m-K 
kw thermal conductivity of condenser tube wall, W/m-K 
L condenser total tube length, m 
Ma molecular weight of air, kg/kmol 
Mair mass flow rate of air, kg/s 
Ma,oa mass flow rate of air in outside air stream, kg/s 
mi pump or compressor inlet mass flow rate, kg/s 
Mm mean molecular weight, kg/kmol 
mo pump or compressor outlet mass flow rate, kg/s 
Mw molecular weight of water, kg/kmol 
Na molar flow rate of air, kmol/s 
Na,2 see Na,m,total 
Na,f feed stream air molar flow rate, kmol/s 
Na,m,total total permeate stream air molar flow rate, kmol/s  
Na,oa untreated outside air air molar flow rate, kmol/s 
Na,out outlet feed stream air molar flow rate, kmol/s 
Na,p permeate stream air molar flow rate, kmol/s 
Ncw cooling water molar flow rate, kmol/s 
Ncwall total cooling water flow rate for all tubes, kmol/s 
Ncwguess cooling water flow rate guess, kmol/s 
Niair condenser inlet air molar flow rate, kmol/s 
Nistm condenser inlet water vapor molar flow rate, kmol/s 
Nliq liquid water condensate flow rate, kmol/s 
Noa molar flow rate of outside air, kmol/s 
Nstminterval molar flow rate of water vapor leaving condenser segment, kmol/s 
 
 
190 
 
Ntotal,h segment total feed stream molar flow rate, kmol/s 
Ntotal,m segment total permeate stream molar flow rate, kmol/s 
NuD Nusselt number for internal pipe flow 
NumTubes number of condenser tubes 
Nw,f feed stream water vapor molar flow rate, kmol/s 
Nwatinterval molar flow rate of liquid water leaving condenser segment, kmol/s 
Nwin total molar flow rate at condenser segment inlet, kmol/s 
Nwinall total molar flow rate for all condenser tubes, kmol/s 
Nw,m permeate stream water vapor molar flow rate, kmol/s 
Nw,m,total total permeate stream water vapor molar flow rate, kmol/s 
Nw,oa untreated outside air water vapor molar flow rate, kmol/s 
Nw,out outlet feed stream water vapor molar flow rate, kmol/s 
Nw,out,sp outlet feed stream water vapor molar flow rate setpoint, kmol/s 
Nw,p permeate stream water vapor molar flow rate, kmol/s 
Nw,permeate,sp permeate stream water vapor molar flow rate setpoint, kmol/s 
Nw,2 see Nw.m.total 
Nw,3 molar flow rate of water vapor entering condenser, kmol/s 
Nw,4 water vapor molar flow rate exiting the condenser, kmol/s 
P permeability, Barrers 
Pa partial pressure of air, kPa 
Pairint partial pressure of air in condenser segment, kPa 
Pc saturation pressure of steam at interface temperature, kPa 
pg' partial pressure of noncondensable gas near film interface, kPa 
pgf log mean partial pressure difference of noncondensable gas, kPa 
Pi condenser inlet total pressure, kPa 
Poa outside air total pressure, kPa 
Prl Prandtl number of liquid flow for single component condenser 
pr reduced pressure 
Psat@Tout saturation pressure of water vapor at the bulk gas exit temperature,  
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 kPa 
Pstmint partial pressure of water vapor in condenser segment, kPa 
Pt condenser inlet total pressure, kPa 
Pw partial pressure of water vapor, kPa 
Pw,4 partial pressure of water vapor at condenser outlet, kPa 
Pw,4,sat partial pressure of saturated water vapor at condenser outlet, kPa 
P2 permeate stream total pressure, kPa 
P3 permeate stream total pressure at condenser inlet, kPa 
P4 permeate stream total pressure at condenser outlet, kPa 
Q heat loss from pump or compressor, kW 
Qall total condenser heat transfer, kW 
Qairinterval sensible heat transfer from air in condenser interval, kW 
Qcondinterval condensation heat transfer for condenser interval, kW 
Qinterval or Qint total heat transfer from condenser interval, kW 
Qlatent latent cooling load, kW 
Qsensible sensible cooling load, kW 
Qstminterval sensible heat transfer for water vapor in condenser interval, kW 
QT,n condenser segment total heat transfer, kW 
Qtotal total cooling load, kW 
Qtotal,all total heat transfer from all condenser tubes, kW 
R universal gas constant, kJ/kmol-K 
Re Reynolds number 
ReD internal flow Reynolds number for condenser 
ReL Reynolds number for liquid flow in single component condenser 
RH relative humidity, % 
SF separation factor 
t tube wall thickness of interior condenser tube, m 
Ta,in inlet dry bulb temperature, °C 
Ta,out outlet dry bulb temperature, °C 
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Tamb ambient temperature, °C 
Tc condensate and gas interface temperature, °C 
Tcw inlet cooling water temperature, °C 
Tcw,avg average temperature of condenser cooling water, °C 
Tcwin inlet cooling water temperature setpoint, °C 
Tcwint temperature of cooling water leaving each interval, °C 
Tcwnext segment exiting cooling water temperature, °C 
Tcwoutactual actual cooling water outlet temperature, °C 
Tcwoutguess cooling water exiting temperature guess, °C 
Tgas inlet air and water vapor mixture temperature, °C 
Tgint assumed condenser segment exiting bulk gas temperature, °C 
Tigasprev temperature of air-water vapor mixture entering condenser  
 segment, °C 
Tgas,sat saturation temperature of water vapor in condenser, °C 
Toadb outdoor air dry bulb temperature, °C 
Toadp outdoor air dew point temperature, °C 
Toawb outdoor air wet bulb temperature, °C 
Togasguess condenser exiting bulk gas temperature guess, °C 
Tsurf surface temperature of compressor or pump, °C 
T4 temperature at outlet of condenser, °C 
UΔT heat transfer from unit area in condenser, kW/m2 
vw specific volume of water, m3/kg 
vw,4 specific volume of water at condenser outlet, m3/kg 
W pump or compressor power input, kW 
Wa,pump vacuum pump power input, kW 
WaterSide heat transfer per unit area from bulk cooling water to interface,  
 kW/m2 
Wcomp compressor power input, kW 
Wlat total latent system power input, kW 
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Wlat,all total latent system power for multiple membrane simulations, kW 
Ww,pump liquid water pump power input, kW 
X1,f molar fraction of component 1 in feed stream 
X2,f molar fraction of component 2 in feed stream 
X1,p molar fraction of component 1 in permeate stream 
X2,p molar fraction of component 2 in permeate stream 
Xa,2 molar fraction of air in permeate stream 
Xa,h molar fraction of air in feed stream 
Xa,oa molar fraction of air in outside air stream 
Xa,out outlet feed stream molar fraction of air 
Xairint molar fraction of air in condenser segment 
Xin condenser inlet water vapor mass fraction 
Xout molar fraction of water vapor at condenser outlet 
Xrelw,oa relative molar fraction of water vapor in outside air stream 
Xrelw,out,sp relative molar fraction of water vapor in outlet feed stream 
 setpoint 
Xstmint molar fraction of water vapor in condenser segment 
Xw,2 molar fraction of water vapor in permeate stream 
Xw,h molar fraction of water vapor in feed stream 
Xw quality of water vapor in single component condenser 
Xwint water vapor molar fraction leaving each condenser segment 
Xw,oa molar fraction of water vapor in outside air stream 
Xw,out outlet feed stream molar fraction of water vapor 
Xw,out,sp outlet feed stream molar fraction of water vapor setpoint 
α membrane selectivity 
ρoa density of outside air, kg/m3 
ε emissivity of pump or compressor skin 
ηcomp/mot combined simple efficiency of pump (or compressor) and motor 
μ dynamic viscosity, kg/m-s 
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ωin inlet feed stream humidity ratio, kgw/kga 
ωout outlet feed stream humidity ratio, kgw/kga 
ωout,sp outlet feed stream humidity ratio setpoint, kgw/kga 
τ membrane permeance, mol/m2-Pa-s 
τa membrane air permeance, mol/m2-Pa-s 
τw membrane water permeance, mol/m2-Pa-s 
Subscripts 
i condenser segment number 
n condenser interval number 
 
Chapter III 
Am mass transfer area, m2 
Am membrane area, m2 
c concentration, kg/ m3 or kmol/m3 
c average specific heat, kJ/kg-K 
ch high pressure side concentration, kmol/m3 
cl low pressure side concentration, kmol/m3 
cp specific heat, kJ/kg-K or kJ/kmol-K 
cp,l specific heat of liquid water, kJ/kg-K or kJ/kmol-K 
cv specific heat of water vapor, kJ/kg-K or kJ/kmol-K 
di inside diameter of interior condenser tube, m 
Dm diffusion coefficient for fluid mixture, m2/s 
do inside diameter of outer condenser tube, m 
Dh hydraulic diameter, m 
dP/dT condenser process path tangent, kPa/°C 
ΔC boundar layer concentration gradient, kg/ m3 or kmol/m3 
f friction factor 
g acceleration due to gravity, 9.81 m/s2 
GasSide heat transfer per unit are from bulk air-water vapor flow to  
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 interface, W/m2 
Gr Grashof number 
GzL Graetz number at the tube end 
hfg latent heat of vaporization, kJ/kg-K 
h'fg modified latent heat of vaporization, kJ/kg-K 
hg condenser heat transfer coefficient for bulk gas flow, W/m2-K 
hp condenser tube heat transfer coefficient, W/m2-K 
hL Nusselt average condensate film heat transfer coefficient, W/m2-K 
hs condenser sensible heat transfer coefficient, W/m2-K 
j Colburn factor 
kl thermal conductivity of liquid water, W/m-K 
km mass transfer coefficient, kg/m-s 
km,1 mass transfer coefficient on high pressure side of membrane,  
 kg/m-s 
km,2 mass transfer coefficient on low pressure side of membrane,  
 kg/m-s 
km thermal conductivity of fluid mixture, W/m-K 
kp condenser tube thermal conductivity, W/m-K 
K mass transfer coefficient, kg/m-s 
KT overall mass transfer coefficient, kg/m-s 
L characteristic length, m 
M molar mass, kg/kmol 
Mcond mass flow rate of liquid water condensate, kg/s 
Mm mean molar mass, kg//kmol 
N molar flow rate across boundary layer, kmol/s 
Nu Nusselt number 
NuD internal flow Nusselt number  
P permeance, gpu or mol/m2-s-Pa 
P pressure, kPa 
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pc saturation pressure of water vapor at interface temperature, kPa 
ph membrane high pressure side partial pressure, kPa 
pl membrane low pressure side partial pressure, kPa 
pT total pressure in condenser, kPa 
pv partial pressure of water vapor in condenser, kPa 
Pr Prandtl number 
R ideal gas constant, kJ/kmol-K 
Re Reynolds number 
Ref Reynolds number using film temperature properties 
Sc Schmidt number  
Sh Sherwood number 
T temperature, °C  
t tube wall thickness of interior condenser tube, m 
Tc interface temperature, °C 
Tg bulk air-water vapor mixed stream temperature, °C 
Ts condensing surface temperature, °C 
Tsat saturation temperature of condensing vapor, °C 
UΔT heat transfer per unit area in condenser, W/m2 
v specific volume, m3/kg 
WaterSide heat transfer per unit area from bulk cooling water to interface,  
 W/m2 
Wpoly pump or compressor power input for polytropic process, kW 
Wv condensation rate per unit area of heat transfer, kg/m2-s 
X molar fraction 
Xw molar fraction of water vapor  
α thermal diffusivity, m2/s 
β volumetric coefficient of expansion, °C-1 
ε Ackerman correction factor parameter 
ηpoly polytropic efficiency 
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γ ratio of specific heats 
μ dynamic viscosity, kg/m-s 
μf dynamic viscosity at film temperature, kg/m-s 
μl dynamic viscosity of liquid water, kg/m-s 
μm dynamic viscosity of fluid mixture, kg/m-s 
μratio ratio of viscosity values at two temperatures 
μw dynamic viscosity at wall temperature, kg/m-s 
τ membrane permeance, mol/m2-s-Pa 
ν kinematic viscosity, m2/s 
ρ density, kg/m3 
ρl density of liquid water, kg/m3 
ρv density of water vapor, kg/m3 
Subscripts 
i condenser segment number 
 
Chapter IV 
CFM volumetric flow rate, ft3/min 
Cp,a constant specific heat of air at inlet dry bulb temperature, kJ/kg-K 
COP coefficient of performance 
COPavg,annual annual average latent system coefficient of performance 
Coolbin system latent cooling at bin temperature, kW 
ΔTwb,sp total wet bulb temperature difference setpoint, °C 
DOE Department of Energy 
EER energy efficiency ratio, Btu/h-W 
hfg,w latent heat of vaporization of water, kJ/kg 
MIT Massachusetts Institute of Technology 
Na dry air molar flow rate, kmol/s 
Nbin molar flow rate of moist air at bin conditions, kmol/s 
Nw,in molar flow rate of water vapor entering evaporative cooler, kmol/s 
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Nw,out molar flow rate of water vapor exiting evaporative cooler, kmol/s 
NTU number of transfer units 
ORNL Oak Ridge National Laboratory 
SEER seasonal energy efficiency ratio, Btu/h-W 
Tin,db evaporative cooler entering dry bulb temperature, °C 
Tin,wb evaporative cooler entering wet bulb temperature, °C 
Toa,db outdoor air dry bulb temperature, °C 
Tout,db evaporator cooler exiting dry bulb temperature, °C 
Twb,oa outside air wet bulb temperature, °C 
Twb,out,sp wet bulb temperature setpoint of air exiting evaporative cooler, °C 
TXV thermostatic expansion valve 
Wbin system power input at bin temperature, kW 
Xrelw,in relative molar fraction of water vapor entering evaporative cooler 
Xrelw,out relative molar fraction of water vapor exiting evaporative cooler 
εec effectiveness of evaporative coolers 
Δωec change in humidity ratio in evaporative cooler, kgw/kga 
ωin humidity ratio of moist air entering evaporative cooler, kgw/kga 
ωoa humidity ratio of moist outside air, kgw/kga 
ωout humidity ratio of moist air exiting evaporative cooler, kgw/kga 
 
Chapter V 
Δs specific entropy change, kJ/kg-K 
ΔΨ specific exergy difference, kW 
h specific enthalpy, kJ/kg 
ho reference specific enthalpy, kJ/kg 
Na air molar flow rate, kmol/s 
Nin molar flow rate entering device, kmol/s 
Nout molar flow rate exiting device, kmol/s 
Nw water vapor molar flow rate, kmol/s 
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Pa partial pressure of air, kPa 
Pw partial pressure of water vapor, kPa 
QR heat transfer leaving device, kW 
R ideal gas constant, kJ/kg-K 
s specific entropy, kJ/kg-K  
so reference state specific entropy, kJ/kg-K 
To reference state temperature, K 
TR temperature of heat sink or reservoir, K 
Wcv work leaving control volume, kW 
Ψ exergy, kW 
Ψd exergy destruction, kW 
Ψd,membrane exergy destruction of membrane mass transfer, kW 
Ψin exergy at device inlet, kW 
Ψout exergy at device outlet, kW 
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APPENDIX A – PARAMETRIC ANALYSIS RESULTS 
ARPA-E inlet and outlet conditions - Inlet: 90°F/90%RH; Outlet: 55°F/50%RH 
85 CFM of untreated outside air, full condensation of water vapor in condenser, 
isothermal compression with 65% combined compressor/pump and motor efficiency, 
condenser entering total pressure = Psat@Toa/Xwater vapor 
 
Parametric analysis results for water permeance of 4·10-6 mol/Pa-m2-s 
Water 
Permeance 
(mol/m2/Pa/s) 
Permeate 
Total 
Pressure (kPa) 
Separation 
Factor 
Air 
Permeance 
(mol/m2/Pa/s) 
COP 
(latent 
only) 
A_m 
(m2) Selectivity 
4.00E-06 0.1 20 8.00E-08 1.45 7.47 50 
4.00E-06 0.1 40 4.00E-08 2.17 7.57 100 
4.00E-06 0.1 80 2.00E-08 2.91 7.66 200 
4.00E-06 0.1 160 1.00E-08 3.54 7.73 400 
4.00E-06 0.5 20 7.00E-08 2.05 8.42 57 
4.00E-06 0.5 40 3.40E-08 3.14 9.00 118 
4.00E-06 0.5 80 1.55E-08 4.49 9.72 258 
4.00E-06 0.5 160 7.50E-09 5.66 10.4 533 
4.00E-06 1.0 20 6.50E-08 2.32 9.83 61 
4.00E-06 1.0 40 2.50E-08 3.97 11.9 160 
4.00E-06 1.0 80 1.05E-08 5.76 14.7 380 
4.00E-06 1.0 160 4.00E-09 7.61 19.8 1,000 
4.00E-06 1.5 20 5.50E-08 2.59 11.8 72 
4.00E-06 1.5 40 1.75E-08 4.60 17.2 229 
4.00E-06 1.5 80 5.50E-09 6.82 29.2 727 
4.00E-06 1.5 160 3.50E-10 9.65 221 11,429 
4.00E-06 2.0 20 4.00E-08 2.99 15.4 100 
4.00E-06 2.0 40 1.00E-08 5.19 30.4 400 
4.00E-06 2.0 80 5.00E-10 8.01 319 8,000 
4.00E-06 2.0 160 -- -- -- -- 
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Parametric analysis results for water permeance of 8·10-6 mol/Pa-m2-s 
Water 
Permeance 
(mol/m2/Pa/s) 
Permeate 
Total 
Pressure (kPa) 
Separation 
Factor 
Air  
Permeance 
(mol/m2/Pa/s) 
COP 
(latent 
only) 
A_m 
(m2) Selectivity 
8.00E-06 0.1 20 1.60E-07 1.45 3.74 50 
8.00E-06 0.1 40 7.22E-08 2.28 3.82 111 
8.00E-06 0.1 80 4.00E-08 2.91 3.86 200 
8.00E-06 0.1 160 2.00E-08 3.53 3.90 400 
8.00E-06 0.5 20 1.40E-07 2.05 4.21 57 
8.00E-06 0.5 40 7.00E-08 3.09 4.49 114 
8.00E-06 0.5 80 3.25E-08 4.41 4.83 246 
8.00E-06 0.5 160 1.50E-08 5.66 5.21 533 
8.00E-06 1.0 20 1.20E-07 2.43 5.03 67 
8.00E-06 1.0 40 4.50E-08 4.17 6.14 178 
8.00E-06 1.0 80 2.00E-08 5.83 7.57 400 
8.00E-06 1.0 160 7.50E-09 7.67 10.3 1,067 
8.00E-06 1.5 20 9.50E-08 2.80 6.22 84 
8.00E-06 1.5 40 3.50E-08 4.57 8.72 229 
8.00E-06 1.5 80 9.50E-09 7.01 16.1 842 
8.00E-06 1.5 160 8.00E-10 9.59 98.1 10,000 
8.00E-06 2.0 20 7.00E-08 3.17 8.23 114 
8.00E-06 2.0 40 2.00E-08 5.14 15.4 400 
8.00E-06 2.0 80 8.00E-10 8.09 197 10,000 
8.00E-06 2.0 160 -- -- -- -- 
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Parametric analysis results for water permeance of 1.2·10-5 mol/Pa-m2-s 
Water 
Permeance 
(mol/m2/Pa/s) 
Permeate 
Total 
Pressure (kPa) 
Separation 
Factor 
Air 
Permeance 
(mol/m2/Pa/s) 
COP 
(latent 
only) 
A_m 
(m2) Selectivity 
1.20E-05 0.1 20 2.40E-07 1.45 2.49 50 
1.20E-05 0.1 40 1.20E-07 2.17 2.53 100 
1.20E-05 0.1 80 6.00E-08 2.91 2.55 200 
1.20E-05 0.1 160 3.00E-08 3.54 2.58 400 
1.20E-05 0.5 20 2.10E-07 2.05 2.81 57 
1.20E-05 0.5 40 1.00E-07 3.17 3.01 120 
1.20E-05 0.5 80 5.00E-08 4.37 3.22 240 
1.20E-05 0.5 160 2.00E-08 5.83 3.51 600 
1.20E-05 1.0 20 1.80E-07 2.44 3.32 67 
1.20E-05 1.0 40 8.00E-08 3.85 3.91 150 
1.20E-05 1.0 80 3.25E-08 5.69 4.87 369 
1.20E-05 1.0 160 1.20E-08 7.61 6.59 1,000 
1.20E-05 1.5 20 1.60E-07 2.64 3.98 75 
1.20E-05 1.5 40 5.50E-08 4.51 5.63 218 
1.20E-05 1.5 80 1.50E-08 6.98 10.3 800 
1.20E-05 1.5 160 1.00E-09 9.66 77.0 12,000 
1.20E-05 2.0 20 1.10E-07 3.12 5.32 109 
1.20E-05 2.0 40 3.00E-08 5.19 10.1 400 
1.20E-05 2.0 80 1.00E-09 8.13 156 12,000 
1.20E-05 2.0 160 -- -- -- -- 
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APPENDIX B – CONDENSER EXAMPLE CALCULATION 
EXAMPLE – Taken from Colburn & Hougen, 1934 [49] 
The problem is to design a tubular cooler condenser to handle 100-pound moles 
of inert gas (molecular weight 28 - i.e. 2800 lbs) per hour at one atmosphere pressure 
and saturated with water vapor at 95°C.  The gaseous mixture and the condensate are to 
be cooled to 40°C with cooling water available at 25°C.  It is desirable for the gas to pass 
through the shell side of the baffled exchanger and for the water to flow through the 
tubes, because the water is expected to deposit scale and the inside of the tubes can be 
much more easily cleaned than the outside.  The gas stream is baffled to pass back and 
forth across the tube bank. 
A water velocity of 4 feet per second is chosen, sufficiently high to minimize the 
deposition of silt.  It is assumed that reasonable high gas velocities can be used and that 
the pressure drop is not limited by other than economic considerations.  The exchanger 
will be constructed of 0.75 in o.d. brass tubes, 16 BWG (Birmingham wire gauge), 0.62 
inch i.d., since this is about the smallest size tube that can be conveniently cleaned.  The 
cooling water will be assumed to leave the apparatus at 60°C, as higher temperatures 
tend toward air-bubble formation and favor corrosion. 
Inlet conditions: pvapor = 0.835 atm; pgas = 0.165 atm 
Exit Conditions: pvapor = 0.073 atm; pgas = 0.927 atm 
Vapor inlet flow rate = 506 lbmol/hr 
Vapor outlet flow rate = 7.9 lbmol/hr 
 
Heat transfer coefficients for Colburn & Hougen example 
Heat Transfer Coefficient Symbol Value Used (Pcu/h-ft2-C) 
Condensate film hcpcu 2,000 
Metal pipe hppcu 12,000 
Dirt and scale film hdpcu 700 
Cooling water film hwpcu 1,210 
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Colburn & Hougen, 1934 example results as presented in paper 
Variable Units Point 1 
Point 
2 
Point 
3 
Point 
4 
Point 
5 
Point 
6 
Point 
7 
Point 
8 
Point 
9 
t(g) °C 95 93 90 85 75 65 55 45 40 
t(w) °C 60.0 49.7 42.3 35.8 30.5 28.0 26.6 25.4 25.0 
Δt °C 35.0 43.3 47.7 49.2 44.5 37.0 28.4 19.6 15.0 
t(c) °C 93.6 89.8 84.3 73 54.4 42 34.6 29.7 27.9 
p(g) atm 0.165 0.225 0.305 0.430 0.622 0.754 0.844 0.906 0.927 
q pcu/hr/106 5.39 3.79 2.66 1.66 0.848 0.453 0.248 0.073 0 
m lb/hr 11,900 9,000  6,280  5,200  3,890  3,390  3,130  2,990  2,940  
Re -- 19,600 14,540  10,070  7,600  5,370  4,450  4,040  3,800  3,680  
p(gf) atm 0.185 0.265 0.371 0.537 0.734 0.836 0.895 0.932 0.945 
K lbmol/ hft2/atm 25.90 15.25 9.30 5.14 3.11 2.44 2.21 2.10 2.04 
h(s) pcu/h-ft2°C 34.5  27.3  23.0  18.0  14.5  12.5  12.0  11.8  11.7  
h(t) pcu/h-ft2°C 5600 4500 2300 950 360 189 123 87.3 74.8 
U pcu/h-ft2°C 294 291 274 234 166 117 89 68 60 
UΔt pcu/h-ft2 10,300  12,600  13,070  11,500  7,370  4,340  2,510  1,335  905  
106/UΔt h-ft2/pcu 97.1  79.4  76.6  87.0  136.0  231.0  399.0  750.0  1,105  
A ft2 695.0 555.7 468.6 387.6 302.2 232.7 168.1 67.7 0 
L ft 42.6 34.1 28.7 23.8 18.5 14.3 10.3 4.2 0 
 
Paper Results Summary: 
Qtotal = 15.12 pcu/hr/106 
Atotal = 2,877 ft2 
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Colburn & Hougen, 1934 results from EES 
Variable Units Point 1 
Point 
2 
Point 
3 
Point 
4 
Point 
5 
Point 
6 
Point 
7 
Point 
8 
Point 
9 
t(g) °C 95 93 90 85 75 65 55 45 40 
t(w) °C 60.0 49.3 41.3 35.1 30.2 28.3 27.3 26.7 26.5 
Δt °C 35.0 43.7 48.7 49.9 44.8 36.7 27.7 18.3 13.5 
t(c) °C --  90.4 83.8 71.9 54 41.6 34.6 30.5 28.8 
p(g) atm --  0.224 0.307 0.429 0.619 0.753 0.844 0.905 0.927 
q pcu/hr/106 5.15 3.58 2.40 1.49 0.77 0.48 0.33 0.25 0.22 
m lb/hr --  9,119  6,956  5,294  4,003  3,486  3,226  3,083  3,037  
Re -- --  17,754  13,659  10,545  8,207  7,359  7,015  6,904  6,900  
p(gf) atm --  0.259 0.376 0.539 0.729 0.834 0.894 0.931 0.944 
K lbmol/ hft2/atm --   -- --  --  --  --  --  --  --  
h(s) pcu/h-ft2°C --  33.4  27.8  22.8  19.8  18.4  17.4  16.6  16.3  
h(t) pcu/h-ft2°C --   -- -- -- --  --  --  --  --  
U pcu/h-ft2°C --  245 250 216 149 108 80 61 54 
UΔt pcu/h-ft2 --  10,714  12,169  10,798  6,659  3,981  2,216  1,120  733  
106/UΔt h-ft2/pcu --  93.3  82.2  92.6  150.2  251.2  451.3  892.9  1,364  
A ft2 694.2 547.4 450.5 366.1 258.6 185.7 119.3 45.8 8.97 
L ft 55.4 43.7 35.9 29.2 20.6 14.8 9.5 3.6 0.71 
 
EES results summary: 
Qtotal = 14.67 pcu/hr/106  %Difference = 3.0% 
Atotal = 2,677 ft2   %Difference = 7.0% 
  
 
 
219 
 
APPENDIX C – MULTIPLE CONDENSER STAGES DIAGRAMS 
DEHUMIDIFICATION 
UNIT
COMPRESSOR
WATER
VAPOR
VACUUM
PUMP
LIQUID
RESERVOIR
LIQUID
PUMP
NON-CONDENSABLE 
GAS
LIQUID
CONDENSER
HUMID 
FEED 
AIR
DRY 
FEED 
AIR
 
Single stage condenser system diagram 
 
 
DEHUMIDIFICATION 
UNIT
COMPRESSOR
1
WATER
VAPOR
COMPRESSOR
2
LIQUID
RESERVOIR
LIQUID
PUMP
1
NON-CONDENSABLE 
GAS
LIQUID
CONDENSER 1
VACUUM
PUMP
LIQUID
RESERVOIR
LIQUID
PUMP
2
LIQUID
CONDENSER 2
HUMID 
FEED 
AIR
DRY 
FEED 
AIR
 
Two stage condenser system diagram 
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DEHUMIDIFICATION 
UNIT
COMPRESSOR
1
WATER
VAPOR
COMPRESSOR
2
LIQUID
RESERVOIR
LIQUID
PUMP
1
LIQUID
CONDENSER 1
COMPRESSOR
3
LIQUID
RESERVOIR
LIQUID
PUMP
2
LIQUID
NON-CONDENSABLE 
GAS
VACUUM
PUMP
LIQUID
RESERVOIR
LIQUID
PUMP
3
LIQUID
CONDENSER 2
CONDENSER 3
HUMID 
FEED 
AIR
DRY 
FEED 
AIR
 
Three stage condenser system diagram 
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APPENDIX D – ADDITIONAL IDEAL CONDENSER RESULTS 
ARPA-E inlet and outlet conditions - Inlet: 90°F/90%RH; Outlet: 55°F/50%RH 
85 CFM of untreated outside air, full condensation of water vapor in condenser, 
isothermal compression with 65% combined compressor/pump and motor efficiency, 
condenser entering total pressure = Psat@Toa/Xwater vapor 
COP values are for latent system only 
 
Additional membrane characteristic analysis results with ideal condenser 
Water  
Permeance  
(mol/m2-Pa-s) 
Am  
(m2)  
Separation 
Factor  
Air  
Permeance  
(mol/m2-Pa-s) 
Selectivity  COP (Ideal)  
Separation  
Factor 
(Actual)  
1.20E-05  10  200  6.40E-09  1875  5.08  201  
1.20E-05  10  160  8.00E-09  1500  4.84  161  
1.20E-05  5  200  1.28E-08  938  4.36  201  
1.20E-05  5  160  1.60E-08  750  4.15  161  
8.00E-06  10  200  6.40E-09  1250  4.73  201  
8.00E-06  10  160  8.00E-09  1000  4.50  161  
8.00E-06  5  200  1.28E-08  625  3.53  202  
8.00E-06  5  160  1.60E-08  500  3.37  161  
4.00E-06  10  200  6.40E-09  625  3.53  202  
4.00E-06  10  160  8.00E-09  500  3.37  161  
4.00E-06  5  200  DOES NOT MEET OUTLET AIR CONDITION SETPOINT 
4.00E-06  5  160  DOES NOT MEET OUTLET AIR CONDITION SETPOINT 
8.00E-06  10  80  1.60E-08  500  3.63  80.8  
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APPENDIX E – BIN DATA 
Houston, TX Bin Data (Kuehn et al, 1998) 
Bin Max Temp. (°F) Bin Min Temp. (°F) Bin Mid Temp. (°F) Bin Hours MCWB (°F) 
104 100 102 1 77 
99 95 97 41 78 
94 90 92 304 78 
89 85 87 625 76 
84 80 82 892 74 
79 75 77 1530 72 
74 70 72 1279 68 
69 65 67 964 63 
64 60 62 782 58 
59 55 57 668 53 
54 50 52 580 48 
49 45 47 460 43 
44 40 42 321 39 
39 35 37 186 34 
34 30 32 87 30 
29 25 27 25 25 
24 20 22 7 20 
19 15 17 2 15 
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APPENDIX F – GRAPHICAL RESULTS FOR EVAPORATIVE COOLER 
COMBINED SYSTEMS  
Case1 
  
COP vs. Toa,db for 4-stage dehumidifier and 4 evap. 
cooling steps, w/Air, 8m2 
ωout vs. Toa,db for 4-stage dehumidifier and 4 evap. 
Cooling steps, w/Air, 8m2 
Case2 
  
COP vs. Toa,db for 4-stage dehumidifier and 5 evap. 
cooling steps, w/Air, 8m2 
ωout vs. Toa,db for 4-stage dehumidifier and 5 evap. 
Cooling steps, w/Air, 8m2 
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Case3 
  
COP vs. Toa,db for 4-stage dehumidifier and 3 evap. 
cooling steps, w/Air, 8m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
3 evap. Cooling steps, w/Air, 8m2 
 
Case4 
  
COP vs. Toa,db for 4-stage dehumidifier and 4 evap. 
cooling steps, w/Air, 8m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
4 evap. Cooling steps, w/Air, 8m2 
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Case5 
  
COP vs. Toa,db for 4-stage dehumidifier and 5 evap. 
cooling steps, w/Air, 8m2 
 ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
5 evap. Cooling steps, w/Air, 8m2 
 
Case6 
  
COP vs. Toa,db for 4-stage dehumidifier and 4 evap. 
cooling steps, no Air, 8m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
4 evap. Cooling steps, no Air, 8m2 
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Case7 
  
COP vs. Toa,db for 4-stage dehumidifier and 5 evap. 
cooling steps, no Air, 8m2 
 ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
5 evap. Cooling steps, no Air, 8m2 
 
Case8 
  
COP vs. Toa,db for 4-stage dehumidifier and 3 evap. 
cooling steps, no Air, 8m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
3 evap. Cooling steps, no Air, 8m2 
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Case9 
  
COP vs. Toa,db for 4-stage dehumidifier and 4 evap. 
cooling steps, no Air, 8m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
4 evap. Cooling steps, no Air, 8m2 
 
Case10 
  
COP vs. Toa,db for 4-stage dehumidifier and 5 evap. 
cooling steps, no Air, 8m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
5 evap. Cooling steps, no Air, 8m2 
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Case11 
  
COP vs. Toa,db for 4-stage dehumidifier and 4 evap. 
Cooling steps, no Air, 2m2 
ωout vs. Toa,db for 4-stage dehumidifier and 4 evap. 
Cooling steps, no Air, 2m2 
 
Case12 
  
COP vs. Toa,db for 4-stage dehumidifier and 5 evap. 
Cooling steps, no Air, 2m2 
ωout vs. Toa,db for 4-stage dehumidifier and 5 evap. 
Cooling steps, no Air, 2m2 
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Case13 
  
COP vs. Toa,db for 4-stage dehumidifier and 3 evap. 
Cooling steps, no Air, 2m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
3 evap. Cooling steps, no Air, 2m2 
 
Case14 
  
COP vs. Toa,db for 4-stage dehumidifier and 4 evap. 
Cooling steps, no Air, 2m2 
 ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
4 evap. Cooling steps, no Air, 2m2 
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Case15 
  
COP vs. Toa,db for 4-stage dehumidifier and 5 evap. 
Cooling steps, no Air, 2m2 
ωout and Tout vs. Toa,db for 4-stage dehumidifier and 
5 evap. Cooling steps, no Air, 2m2 
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APPENDIX G – SECOND LAW GRAPHICAL RESULTS 
Third simulation set: 
Water permeance = 4.0∙10-6 mol/Pa-m2-s 
Air Permeance = 1.0∙10-8 mol/Pa-m2-s 
Membrane Area = 4 m2 
 
Ideal Condenser: 
 
Exergy destruction as percentage of total for third membrane simulation set with ideal condenser 
(membrane included in total) 
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Exergy destruction as percentage of total for third membrane simulation set with ideal condenser 
(membrane not included in total) 
 
 
Approach = 10°F: 
 
 
Exergy destruction as percentage of total for third membrane simulation set with Approach=10°F 
condenser (membrane included in total) 
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Exergy destruction as percentage of total for third membrane simulation set with Approach=10°F 
condenser (membrane not included in total) 
 
 
Approach = 5°F: 
 
 
Exergy destruction as percentage of total for third membrane simulation set with Approach=5°F 
condenser (membrane included in total) 
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Exergy destruction as percentage of total for third membrane simulation set with Approach=5°F 
condenser (membrane not included in total) 
 
 
Approach = 0°F: 
 
 
Exergy destruction as percentage of total for third membrane simulation set with Approach=0°F 
condenser (membrane included in total) 
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Exergy destruction as percentage of total for third membrane simulation set with Approach=0°F 
condenser (membrane not included in total) 
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APPENDIX H – PROGRAM PROCESS FLOW DIAGRAMS 
Overall process flow diagram 
 
START
Read Inputs
Call Latent
Call PressSelect
Call Repeater
Call Solver
Analyze compressor
Determine Condenser 
Inputs
Call TempSelect
Call 
SV_Interval
Call Either
CH_Interval or
CH_Interval2
Call FindJ
Calculate condenser 
outlet conditions, 
power input, COP
Calculate COP
END
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Main program process flow diagram 
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Latent process flow diagram 
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PressSelect process flow diagram 
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Repeater process flow diagram 
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TempSelect process flow diagram 
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SV_Interval process flow diagram 
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CH_Interval process flow diagram 
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CH_Interval2 process flow diagram 
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FindJ process flow diagram 
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APPENDIX I – UNCERTAINTY ANALYSIS 
There are two uncertainties in the results that must be considered.  First is the 
uncertainty in the COP results as related to the membrane performance characteristics.  
The second is the uncertainty in the condenser heat transfer results due to the inherent 
uncertainty of the analysis procedure used and the effects of the convergence limits used 
for the condenser length and cooling water temperature difference. 
For the detailed simulation results, the Fick’s law approach to the mass transfer 
analysis was used where the membrane permeances are constant.  In reality, the testing 
of the membranes has shown that the membrane separation properties have some 
dependence on the temperature and relative humidity of the air on the feed side of the 
membrane.  In order to test the effect of the uncertainty surrounding the membrane 
permeance values related to this operating condition dependent variation, the results of 
the simulations for a given membrane permeance plus or minus an assumed permeance 
uncertainty value will be analyzed.  The effect of varying air permeance values for a 
given water permeance can be seen in the results presented in the body of this work.  
Here the effect of varying water permeance for a given air permeance is analyzed.  To 
test the effect of this uncertainty, an assumed permeance uncertainty of 2.00∙10-6 
mol/m2-s-Pa is used for the water permeance for four air permeance values with the 
results shown in the table below.  The standard deviation of the percent difference values 
is 1.92%.  In the second table below, the standard deviation is used to determine the 
possible range of COP values using the uncertainty found by analyzing the percent 
different values.  The COP for the water permeance of 1.00∙10-5 mol/m2-s-Pa is used as 
the actual value with the assumed uncertainty of 2.00∙10-6 mol/m2-s-Pa as shown in the 
first table below.  The calculated uncertainty range does not exceed ±0.10 for any of the 
membrane properties analyzed.  Such a small uncertainty is not large enough to affect 
the conclusions drawn from the data in this work. 
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Membrane property percent difference for single segment without optimizations COP uncertainty 
calculation 
Air 
Permeance 
(mol/m2-s-
Pa) 
Water 
Permeance 
(mol/m2-s-
Pa) 
COP % Diff 
2.00E-08 
1.20E-05 1.98 1.59% 
1.00E-05 1.95 -- 
8.00E-06 1.91 -2.26% 
1.60E-08 
1.20E-05 2.08 1.47% 
1.00E-05 2.05 -- 
8.00E-06 2.00 -2.35% 
8.00E-09 
1.20E-05 2.38 1.28% 
1.00E-05 2.35 -- 
8.00E-06 2.29 -2.64% 
6.40E-09 
1.20E-05 2.47 1.40% 
1.00E-05 2.43 -- 
8.00E-06 2.37 -2.38% 
 
Membrane property COP uncertainty for single segment without optimizations 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) COP 
COP 
Uncertainty 
Range 
8.00E-06 2.00E-08 10 1.91 ±0.04 
8.00E-06 1.60E-08 10 2.00 ±0.04 
8.00E-06 8.00E-09 10 2.29 ±0.04 
1.20E-05 1.20E-07 10 1.15 ±0.02 
1.20E-05 1.28E-08 10 2.18 ±0.04 
1.20E-05 6.40E-09 10 2.47 ±0.05 
1.20E-05 6.40E-10 10  4.03 ±0.08 
1.20E-05 6.40E-11 10 5.07 ±0.10 
 
In addition to the single segment simulations with no optimizations considered 
above, the effects of the uncertainty on the conclusions drawn from the multiple 
membrane segment simulations are also checked.  For the membrane properties 
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considered, the percent difference is an average of 4.36%.  Using the average to 
determine the uncertainty range, the COP uncertainty is estimated to be ±0.16.  This 
level of uncertainty is not large enough to change the conclusions drawn in this work. 
Membrane property percent difference for multiple segment with optimizations COP uncertainty 
calculation 
Air 
Permeance 
(mol/m2-s-
Pa) 
Water 
Permeance 
(mol/m2-s-
Pa) 
COP % Diff 
6.40E-09 
1.20E-05 4.37 4.12 
1.00E-05 4.20 -- 
8.00E-06 4.00 -4.60 
 
Considering only the detailed simulations, the inherent uncertainty of the 
condenser results will be the uncertainty associated with Bras method [50, 51] for the 
superheated multicomponent condenser analysis.  To establish this uncertainty, the 
results presented in detail in Stern’s dissertation [52] will be used.  In Stern’s 
dissertation, the approach outlined by Bras with the addition of the Ackermann 
correction factor is compared to experimental results for a vertical concentric tube 
condenser with a vapor-gas mixture flowing downward in the inner tube and cooling 
water flowing upwards in the annulus between the two tubes.  This is the same 
configuration used in the condenser analysis in this work.  The purpose of the Stern 
investigation was to assess the reliability of the Bras superheated condenser analysis 
procedure.  To that end, the parameter analyzed is the calculated condenser length for a 
given outlet mixture condition.  For all of the vapor-gas mixtures tested, the length was 
calculated to within 15% of the actual condenser length.  For the cases where the vapor-
gas mixture is a water vapor-air mixture, the calculated condenser length was found to 
be an almost exact prediction of the condenser area.  For all but one out of 14 runs, the 
difference between the calculated and actual condenser length is less than or equal to 9% 
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of the actual length.  The average calculated length is 3.44 ft as compared to the actual 
length of 3.5 ft with a standard deviation of 0.206 (or 5.9% of the actual length).  Despite 
the agreement for all but the single run, an accuracy of 15% for the condenser length will 
be used to assess the uncertainty in the condenser analysis for the detailed simulations. 
In order to assess the effect of this condenser analysis uncertainty on the system, 
two simulation cases are analyzed: the design condenser length is increased by 15% and 
the design condenser length is reduced by 15%.  By increasing and reducing the 
condenser length to the limits of the accuracy of the analysis methodology, the limits of 
the COP prediction can be assessed.  This approach is necessary because the 15% 
uncertainty reported by Stern cannot be directly related to an uncertainty value for the 
COP results.  For this uncertainty analysis, a single membrane property combination will 
be used to assess the effects on the basic system COP as well as the optimized system 
COP.  It is expected that changing the condenser length will likely not have a large effect 
on the condensation since most of the condensation takes place near the entrance of the 
condenser.  If the condensation is not greatly affected by the change in condenser length 
then the COP should not be greatly affected either.   
The results in the table below show for four different membrane characteristics 
the effect of changing the condenser length on the COP for the single membrane 
segment detailed simulation with no optimizations.  For the greatest water permeance 
value used in this work, the change in the COP is less than 2% for the three cases 
analyzed.  For all four cases analyzed, the standard deviation for the percent difference 
values in the table is 1.24%.  In the second table below, the standard deviation is used to 
determine the possible range of COP values using the uncertainty found by analyzing the 
percent different values.  The calculated uncertainty range does not exceed ±0.06 for any 
of the membrane properties analyzed.  Such a small uncertainty is not large enough to 
affect the conclusions drawn from the data in this work. 
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Condenser length percent difference for single segment without optimizations COP uncertainty 
calculation 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Condenser 
Length 
Change (%) 
COP % Diff 
8.00E-06 8.00E-09 
0% 2.23 -- 
+15% 2.31 3.55% 
-15% 2.25 0.94% 
1.20E-05 1.20E-07 
0% 1.15 -- 
+15% 1.13 -1.48% 
-15% 1.15 0.26% 
1.20E-05 1.28E-08 
0% 2.18 -- 
+15% 2.19 0.41% 
-15% 2.15 -1.01% 
1.20E-05 6.40E-09 
0% 2.47 -- 
+15% 2.52 1.86% 
-15% 2.43 -1.62% 
 
Condenser length COP uncertainty for single segment without optimizations 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) COP 
COP 
Uncertainty 
Range 
8.00E-06 2.00E-08 10 1.91 ±0.02 
8.00E-06 1.60E-08 10 2.00 ±0.02 
8.00E-06 8.00E-09 10 2.29 ±0.03 
1.20E-05 1.20E-07 10 1.15 ±0.01 
1.20E-05 1.28E-08 10 2.18 ±0.03 
1.20E-05 6.40E-09 10 2.47 ±0.03 
1.20E-05 6.40E-10 10  4.03 ±0.05 
1.20E-05 6.40E-11 10 5.07 ±0.06 
 
In addition to the single segment simulations with no optimizations considered 
above, the effects of the uncertainty on the conclusions drawn from the multiple 
membrane segment simulations are also checked.  For the membrane properties 
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considered, the percent difference is 0.39% for both cases.  Using the 0.39% to 
determine the uncertainty range, the COP uncertainty is estimated to be ±0.01.  This 
level of uncertainty is not large enough to change the conclusions drawn in this work. 
Condenser length percent difference for multiple segment with optimizations COP uncertainty calculation 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Condenser 
Length 
Change 
(%) 
COP % Diff 
1.20E-05 1.28E-08 
0% 3.60 -- 
+15% 3.61 0.39% 
-15% 3.61 0.39% 
 
As mentioned above, another condenser uncertainty that must be addressed is the 
effect of the 5% convergence limit used for the condenser area and the cooling water 
temperature change in the detailed simulations.  In order to test the effect of this 
convergence limit on the results, the convergence limit will be reduced to 1% and 0.5% 
to determine how an improved convergence affects the system COP.  As before with the 
uncertainty associated with the Bras method (as detailed be Stern), this approach is 
necessary because the uncertainty introduced by the 5% convergence limits cannot be 
directly related to an uncertainty value for the COP results.   
The results in the table below show for four different membrane characteristics 
the effect of the convergence limit on the COP for the single membrane segment detailed 
simulation with no optimizations.  For all four cases analyzed, the standard deviation for 
the percent difference values in the table is 1.66%.  In the second table below, the 
standard deviation is used to determine the possible range of COP values using the 
uncertainty found by analyzing the percent different values.  The calculated uncertainty 
range does not exceed ±0.08 for any of the membrane properties analyzed.  Such a small 
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uncertainty is not large enough to affect the conclusions drawn from the data in this 
work. 
Condenser convergence percent difference for single segment without optimizations COP uncertainty 
calculation 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Convergence 
Limit (%) COP % Diff 
8.00E-06 8.00E-09 
5 2.23 -- 
1 2.29 2.65% 
0.5 2.29 2.69% 
1.20E-05 1.20E-07 
5 1.15 -- 
1 1.14 -0.52% 
0.5 1.14 -0.52% 
1.20E-05 1.28E-08 
5 2.18 -- 
1 2.17 -0.18% 
0.5 2.17 -0.14% 
1.20E-05 6.40E-09 
5 2.47 -- 
1 2.48 0.53% 
0.5 2.48 0.49% 
 
Condenser convergence COP uncertainty for single segment without optimizations 
Water 
Permeance 
(mol/m2-s-Pa) 
Air 
Permeance 
(mol/m2-s-Pa) 
Am 
(m2) COP 
COP 
Uncertainty 
Range 
8.00E-06 2.00E-08 10 1.91 ±0.03 
8.00E-06 1.60E-08 10 2.00 ±0.03 
8.00E-06 8.00E-09 10 2.29 ±0.04 
1.20E-05 1.20E-07 10 1.15 ±0.02 
1.20E-05 1.28E-08 10 2.18 ±0.04 
1.20E-05 6.40E-09 10 2.47 ±0.04 
1.20E-05 6.40E-10 10  4.03 ±0.07 
1.20E-05 6.40E-11 10 5.07 ±0.08 
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In addition to the single segment simulations with no optimizations considered 
above, the effects of the uncertainty on the conclusions drawn from the multiple 
membrane segment simulations are also checked.  For the membrane properties 
considered, the percent difference is 0.39% for both cases.  Using the 0.39% to 
determine the uncertainty range, the COP uncertainty is estimated to be ±0.01.  This 
level of uncertainty is not large enough to change the conclusions drawn in this work. 
Condenser convergence percent difference for multiple segment with optimizations COP uncertainty 
calculation 
Water 
Permeance 
(mol/m2-s-
Pa) 
Air 
Permeance 
(mol/m2-s-
Pa) 
Convergence 
Limit (%) COP % Diff 
1.20E-05 1.28E-08 
5 3.60 -- 
1 3.61 0.39% 
0.5 3.61 0.39% 
 
The literature review indicated that some of the design and analysis procedures 
for multicomponent condensers are not valid if the molar fraction of the non-
condensable gas entering the condenser is too high.  For the superheated 
multicomponent condenser analysis undertaken by Stern, the molar fraction of water 
vapor entering the condenser for the 14 air-water vapor runs analyzed is shown below in 
the table.  Also shown in the table is the ratio of the calculated condenser area to the 
actual condenser area.  The ratio of calculated to actual condenser area demonstrates the 
accuracy of the method for the given water molar fraction for the 14 runs.  The 
maximum water molar fraction is 0.4675 with a minimum of 0.0947.  While the molar 
fraction of water vapor entering the condenser for the analysis in this work typically 
ranges from 0.332 to 0.900.    As a result, the potential for error induced by a molar 
fraction of air that is too high is not relevant for the given operating conditions 
 
 
254 
 
considering that the molar fraction of air is greater than 60% for the Stern results with a 
calculated condenser area that is within 1% of the actual result. 
Condenser analysis results as reported by Stern 
Run 
Inlet 
Water 
Molar 
Fraction 
Condenser 
Area 
(Calc/Actual) 
1 0.2115 1.05 
2 0.2826 1.05 
3 0.4675 1.03 
4 0.2190 1.02 
5 0.2190 1.01 
6 0.2179 0.97 
7 0.0947 0.85 
8 0.1077 0.91 
9 0.0968 0.95 
10 0.1198 0.97 
11 0.162 0.95 
12 0.4412 1.01 
13 0.3213 1.02 
14 0.2348 0.93 
 
 
 
